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ABSTRACT
Northern regions are experiencing rapid climate warming. As these regions warm, the occurrences
of naturally ignited wildfires are increasing in frequency, severity and area burned, calling for a more
thorough understanding of post-fire eco-hydrological impacts. Changes in runoff chemistry, and soil
moisture and thermal regimes, have been attributed to the significant loss of organic matter (OM) and
exposure of deeper soils, leading to enhanced permafrost degradation, ground surface subsidence and the
conversion of peat landscapes from long-term C sinks to sources. However, low-severity wildfires often
result in minor OM loss. Due to the significant and immediate threats posed to the health of ecosystems and
local communities, the impacts of large, high-severity burns have been a primary research focus while the
implications of low-severity wildfires remain understudied. Boreal peatlands in the zone of discontinuous
permafrost are ecologically-sensitive areas, where even minor land surface disturbances, such as wildfire,
cause changes in surface vegetation and soil properties that alter the water and surface energy balances. In
2014, a low-severity wildfire burned approximately half of a 5 hectare treed permafrost plateau in the
wetland-dominated landscape of the Scotty Creek drainage basin, Northwest Territories, Canada, located
in the zone of discontinuous permafrost. This provided a unique opportunity to examine post-fire changes
in runoff chemistry, plateau energy dynamics, water inputs, and ground thaw regimes within a single,
partially burned landform unit. Beginning in March 2016, approximately 1.5 years following the wildfire
event, runoff water samples were collected from the saturated layer as thaw progressed. Intensive repeated
measurements of ground thaw dynamics, coupled with laboratory analyses of changes in near-surface (020 cm depth) peat physical and hydraulic properties, were used to explain changes in runoff water
chemistry. Seasonal peat porewater showed elevated nutrient and ion concentrations in the burned site,
likely due to the translocation of dense ash and char particulates from the surface, and leachate from dead
OM. Physical properties showed substantial changes of pore size and structure between burned and
unburned samples over the upper 20 cm of peat. Single-porosity ash and char particulates that clogged
burned peat pore spaces created smaller interparticle pores characterized by lower saturated hydraulic
conductivity and greater soil moisture retention. Longer porewater residence time promoted diffusive solute
1

exchange between relatively dilute mobile porewater and more concentrated porewater was retained within
smaller diameter and immobile pores. The higher thermal conductivity of wetter soils, enhanced by more
consistent and uniform incident shortwave radiation resulting due to canopy removal, promoted deeper and
more homogeneous ground thaw, releasing previously frozen permafrost porewater back into the soil
solution. This study links biogeochemical and hydrological impacts of a wildfire to generate a more
comprehensive understanding of how a permafrost plateau responds to a low-severity burn. Results
suggests that post-fire changes in pore structure, runoff flowpath, and porewater chemistry were initiated
by the incorporation of particulates from above-ground sources and augmented by abiotic forces.
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Figure 3: Concentrations of nutrients, total mercury (THg), methyl-mercury (MeHg), percent of THg that
was methylated (%MeHg), and nutrient relationships in snowpack water (28 March; S) and peat porewater
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statistical analysis.
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CHAPTER 1:
General Introduction

Canadian peatlands store vast amounts of soil carbon, where organic matter decomposition is
constrained by low temperatures, waterlogging, and acidic soil environments (Preston et al., 2006). Along
the zone of discontinuous permafrost of the Taiga Plains, the cold, dry climate (Department of Environment
and Natural Resources, 2007), low topographic relief, and the insulative properties of moss and lichen
groundcover species (Zoltai, 1995; Burn and Kokelj, 2009) are critical for the development and stability of
“ecosystem protected” permafrost peat mounds (Zoltai and Tarnocai, 1975; Shur and Jorgenson, 2007),
also referred to as peat plateaus, that prevent decomposition of permafrost-bound organic matter. Because
permafrost temperatures in this region are at or just below freezing (Connon et al., 2018), the stability of
this landscape and the carbon sinks that it protects are particularly susceptible to surface disturbances that
affect the ground thermal regime. Warming air temperatures have caused rapid permafrost thaw in subarctic
peatlands in recent decades (Payette et al., 2004; Quinton et al., 2011), releasing vast amounts of stored
carbon into the atmosphere as carbon dioxide (CO2) and methane (CH4), two potent greenhouse gases.
Additionally, as the climate warms, the occurrence of naturally ignited wildfires is becoming more frequent
while the size and severity of these fires is also increasing (Kasischke and Turetsky, 2006; Kelly et al.,
2013). The combustion of organic matter releases sequestered soil carbon to the atmosphere as CO2
(Kasischke et al., 1995; O’Donnell et al., 2011; Walker et al., 2018), compounding the effects of carbon
released from thawing permafrost. During the severe fire year of 2014 an estimated ~94.3 Tg of carbon was
emitted from the Northwest Territories wildfires alone (Walker et al., 2018). The transition of these carbon
sinks to carbon sources generates a greenhouse gas feedback to climate warming (Stocks et al., 2001).
Wildfire is an important component of ecosystem health that initiates the cycle of forest
regeneration and influences nutrient delivery to aquatic ecosystems (Bisson et al., 2003), but may also have
adverse impacts depending on the severity of the burn. Common metrics for assessing fire severity include
8

depth of organic soil loss during combustion and peak temperature reached, two factors mainly governed
by the duration of the fire (Certini, 2005; Walker et al., 2018). The degree of impact on a landscape mainly
depends on fire severity, which is controlled by factors such as air temperature, windspeed, soil type, fuel
availability, and the moisture content of air (humidity), soil and vegetation (Certini, 2005; Flannigan et al.,
2009; Genet et al., 2013). In addition to promoting soil drying, rising mean annual air temperatures shorten
the snowcover season and extend the growing season, producing more fuel for fire, creating prime
conditions for wildfire ignition (Flannigan et al., 2009). High latitude regions are warming at a rate faster
than the global average and as the climate continues to warm, the current fire trends are expected to continue
(Weber and Flannigan, 1997; De Groot et al., 2013), stretching fire management resources, likely leaving
smaller fires unattended (Flannigan 09).
The most obvious impacts of wildfire include combustion and death of the tree canopy, understory,
surface vegetation and soil organic matter (Certini, 2005). These changes in surface vegetation alter water
and energy fluxes across a landscape. Fire scars are characterized by reduced leaf coverage, and thereby
reduced surface shading, resulting in greater shortwave radiative fluxes to the ground surface that provide
more energy for snowmelt and soil warming (Chasmer et al., 2011; Quinton et al., 2011; Pomeroy et al.,
2012). Furthermore, enhanced ground energy absorption results from the combustion of surface organic
matter that often yields a dark, charred ground surface with lower albedo (Rouse and Kershaw, 1971).
Reduced canopy coverage and vegetation death also decrease both precipitation interception (Hedstrom
and Pomeroy, 1998; Pomeroy et al., 1998) and evapotranspirative losses (Yoshikawa et al., 2001), allowing
more precipitation to reach the ground surface and less soil water returned to the atmosphere.
Extreme heating and combustion of soil organic matter alter the chemical, physical and hydraulic
properties of a soil. Due to the high porosity of organic matter, peat has high water retention. Significant
organic matter loss decreases particle size distributions (Certini, 2005; Stoof et al., 2010), particularly in
regions with mineral soils (Rouse and Kershaw, 1971; Harden et al., 2006), often resulting in lower
moisture retention and increased runoff. When surface organic matter is lost, the exposure of deeper soils
may result in the degradation of soil structure followed by erosion (Nyman, et al., 2013). However, in
9

peatlands, where the organic layer can be up to 13 m thick (McClymont et al., 2013), loss of surface organic
matter exposes deeper, denser peat characterized by higher water holding capacity, and may result in higher
near-surface soil moisture (Sherwood et al., 2013; Thompson and Waddington, 2013; Brown et al., 2015).
Even in low-severity fires where little or no surface organic matter is lost, near-surface soils are subjected
to the direct effects of heating and scorching. Extreme heating of surface organic matter has been shown to
produce a shallow hydrophobic layer in soils, typically lasting 1-2 years post-fire and in some cases up to
6 years (Debano, 2000; Kettridge et al., 2014). This hydrophobic layer can impede infiltration at the surface
(Koch, et al., 2014) and hinder upward moisture migration and evaporation, promoting higher moisture
conditions in the subsurface.
Although a steep temperature gradient forms within a soil profile during a fire (Certini, 2005),
vertical heat conduction usually does not exceed ~5 cm below the burned surface and this surficial heating
does not directly impact permafrost integrity (Debano, 2000; Yoshikawa et al., 2001). However, enhanced
permafrost degradation has been observed following wildfires (Genet et al., 2013; Jafarov et al., 2013;
Brown et al., 2015; Gibson et al., 2018). Studies suggest that post-fire permafrost stability is dependent in
soil organic matter thickness where 10-30 cm of organic soils remaining after a burn may provide adequate
insulation to protect permafrost from thaw, and wetter soils foster moss regrowth that supports permafrost
stability and may even promote recovery (Jafarov et al., 2013). However, the compounding effects of
altered soil hydraulic properties and a warming climate will likely perpetuate permafrost degradation. Soil
moisture is the most important factor affecting thaw in peatlands across the discontinuous permafrost zone
(Wright et al., 2009). Because the high thermal conductivity of water allows efficient downward thermal
conduction in wetter soils (Wright et al., 2009; Hayashi et al., 2011), increased soil moisture in this region
may contribute to permafrost degradation (Flannigan et al., 2009; Jafarov et al., 2013; Koch et al., 2014).
Furthermore, greater snowpack accumulation in an open environment (Hedstrom and Pomeroy, 1998;
Pomeroy et al., 1998), such as in a burn scar, enhances subsurface insulation, and inhibits over-winter
energy release (Jafarov et al., 2013). When energy absorbed over the summer months is greater than that
released during freeze-up, the depth of thaw may exceed the maximum depth of annual refreeze, causing
10

the formation of taliks that further destabilize PF (Connon et al., 2018). In general, post-fire changes in the
plateau hydrological and thermal regimes can increase ground heat flux and energy storage (Harden et al.,
2006), leading to enhanced permafrost degradation (Rouse and Kershaw, 1971; Yoshikawa et al., 2001;
Jafarov et al., 2013; Koch et al., 2014).
Due to their higher surface elevation relative to the surrounding wetlands, permafrost cored peat
plateaus are runoff generators (Wright et al., 2008) and contribute water, nutrients and contaminants to
basin drainage (Quinton and Baltzer, 2013). Disturbances on a peat plateau, such as wildfire and permafrost
thaw, can cause surface subsidence and inundation (Chasmer et al., 2011; Brown et al., 2015; Swindles et
al., 2015), transitioning black spruce forested plateaus into wetlands resulting in increased basin-wide
connectivity (Quinton et al., 2011; Connon et al., 2014). These changes have important implications for the
supply and delivery of nutrients and contaminants to aquatic ecosystems (Petrone et al., 2007) and the
routing of water and solute through the landscape.
Thawing permafrost peatlands release previously frozen porewater, nutrients and contaminants,
providing conditions conducive for higher nutrient mineralization rates (Balcarczyk et al., 2009; Schuster
et al., 2011; Keuper et al., 2012; Gordon et al., 2016). Rapid changes that occur during wildfire events
further influence runoff solute sources, reactions and transport mechanisms by reducing nutrient uptake by
vegetation, and chemically and physically altering peat (McEachern et al., 2000; Certini, 2005; Betts and
Jones, 2009; Verma and Jayakumar, 2012; Burd et al., 2018). Organic matter combustion and incomplete
combustion volatilize soil nutrients that are often removed by smoke plumes (Othman and Latif, 2013), and
generate ash and black carbon (char) particulates (Preston and Schmidt, 2006). Extreme heating at the
surface transforms organic carbon into more recalcitrant, less biodegradable forms and increases N
concentrations and solubility (Simard et al., 2001; Preston and Schmidt, 2006; Olefeldt et al., 2013b). More
recalcitrant black PyC is incorporated into the soil matrix and transported by runoff in dissolved and
particulate forms (Preston and Schmidt, 2006). The reduction or near decimation of soil microbes following
a fire (Certini, 2005; Allison and Treseder, 2011) reduce nutrient mineralization while providing an
additional source of carbon, however the high porosity and surface area of charcoal provides micro-niches
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that promote microbe re-colonization (Preston and Schmidt, 2006; Allison and Treseder, 2011). As
microbial populations recover, decomposition and mineralization may increase (Wardle et al., 2008),
supporting the re-establishment of N-fixers (Nave et al., 2011).
The combined ecological impacts of climate warming, permafrost degradation, and wildfire in
boreal peatlands underlain by permafrost can have serious impacts on the health of downstream aquatic
ecosystems by altering chemical cycling and nutrient contributions to adjacent waterbodies. Studies have
found lower DOC quality (Balcarczyk et al., 2009; Olefeldt et al., 2013a) and quantity (Betts and Jones,
2009; Parham et al., 2013) in streams and lakes in burned catchments. Other studies have found large
increase in runoff nitrogen, phosphorus and DOC in burned watersheds (McEachern et al., 2000; Koch et
al., 2014) and enhanced nutrient loading during rain events due to terrestrial solute flushing (Betts and
Jones, 2009). Since organic matter has a high cation exchange capacity (Certini, 2005), significant organic
matter loss can promote solute migration. While rapid aquatic ecosystem recovery following a wildfire
stabilizes stream and lake DOC (Olefeldt et al., 2013a; Larouche et al., 2015), thawing permafrost
continuously releases previously permafrost-bound nutrients and mercury back into the basin drainage
network (Leitch, 2006; Kokelj et al., 2009; Brown et al., 2015; Gordon et al., 2016), increasing basin solute
export (Schuster et al., 2011). Taliks provide year-round flow pathways that transport nutrients and mercury
throughout the basin, as well as substrate for continuous production of toxic methyl-mercury (Shur and
Jorgenson, 2007; Allison and Treseder, 2011). The combined impacts of wildfire events and thawing
permafrost soils alter chemical contributions to lakes and streams, and change the routing of water and
solute through a landscape.
Depending on fire severity and environmental conditions, this interplay of compounding and
opposing forces results in variable post-fire ecological impacts such as loss of soil carbon, soil erosion,
changes in vegetation communities, and eutrophication of adjacent waterbodies (Keuper et al., 2012; Verma
and Jayakumar, 2012; Koch et al., 2013). Since solute sources and concentrations are inseparable from
porewater and solute transport mechanisms, a thorough investigation into the changes in hydrological
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conditions resulting from a low-severity wildfire is critical to understanding the complex interactions and
feedbacks between peat physical properties and runoff water chemistry.
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CHAPTER 2:

Biogeochemical and hydrological impacts of a low-severity wildfire
in the wetland-dominated zone of discontinuous permafrost

2.1

INTRODUCTION
Disproportionate climate warming of high-latitude regions (Hinzman et al., 2005) is increasing the

frequency, areal extent and severity of wildfires (Stocks et al., 2001; Kasischke and Turetsky, 2006;
Flannigan et al., 2009; Jafarov et al., 2013; Kelly et al., 2013; Koch et al., 2014; Gibson et al., 2018). The
warming climate promotes permafrost thaw (Payette et al., 2004; Jorgenson et al., 2010; Quinton et al.,
2011), while wildfires accelerate the rate of thaw (Brown et al., 2015). The liberation of sequestered
nutrients during organic matter combustion (Kasischke et al., 1995; Kasischke and Bruhwiler, 2002;
Preston et al., 2006; Olefeldt et al., 2013a) and from thawing permafrost soils (Flannigan et al., 2009;
Keuper et al., 2012; De Groot et al., 2013) have severe implications on the global carbon budget (De Groot
et al., 2013; Walker et al., 2018) and affect the water quality of adjacent waterbodies by increasing the
supply of nutrients and contaminants (Petrone et al., 2007; Betts and Jones, 2009; Kokelj et al., 2009;
Schuster et al., 2011; Koch et al., 2013; Parham et al., 2013; Gordon et al., 2016). Fire severity is dependent
on factors such as wind speed, fuel availability, and the moisture content of air, vegetation and soils. Several
metrics are used for determining severity of a burn such as depth of organic soil lost during combustion and
peak temperatures reached, however fire duration is the main factor affecting the extent below-ground
impacts (Certini, 2005).
A review of the literature on the impacts of wildfires in high latitude regions indicates two major
knowledge gaps: 1) low-severity wildfires are relatively understudied given a preferential focus on highseverity events due to the significant and immediate threats they pose to local ecosystems and communities;
and 2) inter-disciplinary approaches are infrequent, and as a result, key linkages and feedbacks among
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hydrological, and biogeochemical processes remain poorly understood. These knowledge gaps necessitate
a better understanding of post-fire environmental impacts, on runoff solute source and transport
mechanisms, particularly those resulting from small low-severity burns.
In the subarctic, the spring freshet is the most significant hydrological event of the year since it
releases approximately eight months of accumulated precipitation during a period of typically 2 or 3 weeks.
As such, the freshet flushes the unfrozen portion of the active layer and delivers large volumes of water and
solute to wetlands and streams. At Scotty Creek, a subarctic basin in the southern Northwest Territories,
Canada, snowmelt accounts for ~41% of annual basin runoff (Quinton et al., 2003). The accumulation of
snow on the ground surface below a tree canopy is controlled by the balance between the moisture gains
through snowfall and losses through sublimation. Tree canopies exert a primary influence on the amount
of snow available for runoff at the end of winter. For example, mature black spruce forests can intercept up
to 60% of annual snowfall while the sublimation rate from tree canopies can be 40% higher than that from
the ground due to its greater snow surface area and exposure to the atmosphere (Pomeroy et al., 1998).
Since wildfires transition forested landscape into open environments (Pomeroy and Gray, 1994; Pomeroy
et al., 2012), wildfires also have the potential to alter the volume and magnitude of basin runoff (Pomeroy
et al., 2008; Quinton et al., 2009a; Gleason et al., 2013). During summer, the fire-induced loss of tree
canopy and physical alteration of the forest floor also change the partitioning of energy at the ground
surface, potentially altering the rate and pattern of seasonal ground thaw (Chasmer et al., 2011), and by
extension, the rate and pattern of runoff. The impact of wildfires on basin runoff will be further exacerbated
where it initiates or accelerates permafrost thaw-induced landcover subsidence (Brown et al., 2015) and as
a result, changes drainage pathways (Connon et al., 2014).
Although mean annual air temperatures in discontinuous permafrost regions, such as the southern
Northwest Territories, are close to or even exceed 0 oC, permafrost persists where the ground is covered by
media of low thermal conductivity, such as relatively dry moss or lichen communities overlying peat
(Kwong and Gan, 1994; Zoltai, 1995). However, the stability of such permafrost is linked to the stability
of the ecosystems supporting it (Jorgenson et al., 2010). Therefore, climate warming-induced changes to
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wildfire regimes introduce additional uncertainty to the future of permafrost in this region. The southern
portion (i.e. below 63o N) of the Taiga Plains ecoregion in northwestern Canada contains large areas of
such “ecosystem protected permafrost” (Shur and Jorgenson, 2007). The dominant landforms of the
southern Taiga Plains include channel fens, collapse scar bogs (hereafter referred to as “bogs”) and peat
plateaus (Zoltai and Tarnocai, 1975). Fens and bogs are treeless topographic depressions relative to the
surrounding peat plateaus. Channel fens are linear features, 50 to several hundred meters wide, that meander
through the landscape collecting runoff and conveying it toward the basin outlet. Bogs are runoff storage
features, including those that form on the plateau periphery and in the interior of plateaus bound by raised
permafrost, constituting plateau-bog complexes (Quinton et al., 2009c; Connon et al., 2015). Such interior
bogs are generally hydrologically-isolated, but may be able to contribute runoff to channel fens if thaw
removes the permafrost separating these bogs from the basin drainage system (Quinton et al., 2003; Connon
et al., 2014). Peat plateaus are peat accumulations that rise 1-3 m above surrounding wetlands and are the
only feature in this region underlain by permafrost (Zoltai and Tarnocai, 1975). Because of the elevation
gradient, peat plateaus receive water from precipitation only, conveying excess water through subsurface
flowpaths over the seasonally frozen, relatively impermeable frost table (FT) into adjacent wetlands
(Wright et al., 2008). These drainage patterns promote peat drying, making peat plateaus an efficient fuel
source and therefore more prone to fire disturbances than the surrounding bogs and fens.
Water and solute transport processes are governed by the physical properties of the peat through
which it flows (Carey et al., 2007; Quinton et al., 2008, 2009b, Rezanezhad et al., 2009, 2010). The very
high permeability of near-surface peat limits the occurrence of overland flow on peat plateaus to areas
where the soil is saturated to the ground surface (Quinton et al., 2008). Drainage from peat plateaus is
therefore predominantly conveyed through the thawed and saturated portion of the active layer (AL) defined
as the layer between the water table (WT) and the frost table (FT) (Quinton et al., 2009c). Across boreal
peatlands, saturated, horizontal hydraulic conductivity (Ksat) is uniformly high in the upper 10-20 cm of
peat, uniformly low below 40 cm, and between these two layers lies the transition zone where Ksat decreases
by 2 to 3 orders of magnitude (Quinton et al., 2008). Within the upper 20 cm layer of peat, water is
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conducted through large, open and connected inter-particle pore spaces permitting rapid solute transport
(Hoag and Price, 1997; Allaire et al., 2002; Jarvis, 2007; Holden, 2009; Rezanezhad et al., 2009; Price and
Whittington, 2010), but as AL thaw displaces the subsurface flowpath downward, water is conducted
through a media where the average pore diameter, and the fraction of the total porosity able to conduct
water, are both lower (Quinton et al., 2000, 2009b). Therefore, the rate of subsurface runoff and solute
transport early in the thaw season is rapid due to the high Ksat in the upper portion of the AL (Hayashi, et
al., 2004), but as the FT descends through the AL, the runoff rates decrease (Quinton et al., 2000, 2008,
Rezanezhad et al., 2009, 2010; Price and Whittington, 2010).
As the thaw season progresses, the chemistry of runoff water becomes increasingly influenced by
the unfrozen AL thickness since the lowering of the FT 1) releases solute from frozen over-winter storage
into the mobile liquid; and 2) displaces the subsurface flowpath downward to where Ksat is orders of
magnitude lower which greatly increases the opportunity time for chemical evolution of water draining the
AL. Compounding the effects of increased thaw depth following a burn (Flannigan et al., 2009; Koch et
al., 2014; Brown et al., 2015; Gibson et al., 2018), combustion of surface organic material could alter water
and solute transport mechanisms by bringing deeper, more senescent peat into closer proximity with the
ground surface (Certini, 2005; Flannigan et al., 2009; Sherwood et al., 2013). Given that the primary
hydrological function of peat plateaus is runoff generation, and that disturbance by wildfire is known to
alter snow accumulation, ground thaw and other factors affecting runoff, wildfires on peat plateaus have
the potential to alter the chemical composition of surface water within the drainage basin, as well as basin
chemical export (Betts and Jones, 2009; Koch et al., 2013; Olefeldt et al., 2013a; Parham et al., 2013;
Larouche et al., 2015).

2.2

OBJECTIVES
This research took a wholistic approach to explore the coupled hydrological and biogeochemical

impacts of low-severity wildfires on a peat plateau in the wetland-dominated zone of discontinuous
permafrost. The objectives of this study were to explore short-term changes in solute sources and transport
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mechanisms throughout the surficial horizons of peat by: 1) quantifying differences in seasonal porewater
chemical concentrations sampled from within the saturated layer of a burned and unburned peat plateau as
the thaw season progressed, and to explain these differences by examining changes in 2) energy dynamics,
ground thaw regimes and the development of hydrological flowpaths and 3) peat physical and hydraulic
properties.

2.3

STUDY SITE
Scotty Creek (61o18' N, 121o18' W) drains a 152 km2 wetland-dominated basin underlain by

discontinuous permafrost in the continental high boreal region, 50 km south of Fort Simpson, Northwest
Territories, Canada (Figure 1a). This region has a dry continental climate with short, dry summers and long,
cold winters. For the period 1981-2010, the mean annual air temperature at Fort Simpson, NT was -3.2°C,
and the mean annual total precipitation was 369 mm, of which 145 mm (~39%) fell as snow (Meteorological
Services of Canada, 2012). Snowmelt typically commences between late March and mid-April and can last
until early May. The Scotty Creek basin is a continuous organic terrain covered by a mosaic of peat plateaus,
collapse scar bogs and channel fens with peat depths ranging from 2 to 8 m (McClymont et al., 2013).
On June 18, 2014, a naturally-ignited low-severity wildfire (defined by its short duration) was
extinguished within 24 hours of ignition and burned approximately half of a 5 hectare peat plateau (P1)
within the Scotty Creek drainage basin, as well as a portion of a 2 hectare adjacent plateau (P2) (Figure
1b,c). Plateau P1 consists of the “Unburn” (U) and the “Burn” (B) areas (henceforth referred to as sites).
Surface vegetation of the Unburn portion of P1 is dominated by black spruce (Picea mariana) trees, and
shrubs including Labrador tea (Rhododendron groenlandicum), dwarf birch (Betula glandulosa) and bog
cranberry (Vaccinium oxycoccos). Ground cover is mainly comprised of Sphagnum moss and Cladina
lichen species that create highly variable microtopography within the plateau. Elevated Sphagnum
hummocks are raised 30-60 cm above the surrounding surface with typical area of 1 m2 or greater, whereas
hollows are generally bare peat or lichen-covered depressions (Zoltai and Tarnocai, 1975). Because of the
small area of P1, and the rather consistent vegetation communities on plateaus throughout boreal wetland
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landscapes (Quinton et al., 2009c), it is assumed that both sites were indistinguishable in terms of their
vegetation, peat type and thickness, and permafrost characteristics prior to the burn. Burned areas on P1
and P2 suffered 100% tree mortality. Though small (~ 2 m diameter) burned depressions characterized by
a dark, charred surface were noted around tree bases, much of the surface vegetation was lightly scorched
and still recognizable as moss or lichen.

2.4
2.4.1

METHODS
Meteorological Observations and Establishment of Study Plots
The Burn and Unburn sites on P2 were instrumented with meteorological stations (Figure 1c) in

August 2014, immediately following the fire. At both sites, measurements included air temperature (Ta; °C)
at 2 m height (HMP45C, Logan, Utah, US), snow depth (ds; m) (SR50A acoustic sensor, temperature
corrected, Campbell Scientific, Edmonton, AB), and wind speed (Uz; m s-1) at 3 m above the ground surface
(RM4 standard cup anemometer, Model 05103, Michigan, US). Precipitation was recorded in an open
reference bog located 2 km from the study site using a Pluvio (OTT Hydromet, Loveland, Colorado, US)
weighing gauge. Incoming and outgoing shortwave radiation (Kin, Kout) was measured at both P2 sites
(Unburn, Burn) using net radiometers (CNR4, Kipp and Zonen, Netherlands) at ~3 m above the ground
surface. All measurements were measured at one-minute intervals, averaged and recorded every 30 minutes
using a Campbell Scientific data logger (Logan, Utah, US). Average daily radiative fluxes (MJ m-2 d-1) were
compared between P2 sites during the snow-cover period (1 March-30 April) and the snow-free period (1
May-3 July). Symbols, units, and equations used throughout this paper are listed in Table 1 of the Appendix.
In addition to the above-described ds measurements throughout the snow season (1 January-1 May)
at the P2 sites, late-winter (27 March-25 April) snowpack depths were verified by repeated snow surveys
conducted along two transects (Figure 1c) that traversed P1. Transect surveys began prior to the onset of
snowmelt and continued every few days until the sites became temporarily inaccessible near the end of the
snowmelt period due to lake ice breakup. Snow depth was measured at 5-m intervals along the transects
using a steel ruler, and snow water equivalent (SWE; mm) was determined at 25-m intervals using a Prairie
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Snow Sampler (Geo Scientific, Vancouver, BC, Canada) to measure volume, which was then weighed with
an electronic scale (Light Duty Crane Scale; BC Scale, Langley, BC, Canada) to determine snowpack
density. To monitor the development and growth of snowfree area, an unmanned aerial vehicle (UAV; DJI
Phantom 2 Vision Plus, Shenzhen, China) equipped with a 14 Megapixel camera was flown daily over P1
(see Figure 1c) at 30 m altitude beginning prior to the onset of snowmelt and continuing through the
snowmelt period. Images were processed in Pix4Dmapper (Switzerland), then converted to binary images
using ArcMap (ESRI, Redlands, California, US). The development of relative snowfree area was compared
among the mature live canopy of the Unburn, the thinned canopy of the Burn, and the open environment of
the interior bogs.
Post-fire changes in runoff water chemistry, ground thaw, and runoff processes were monitored at
each study site throughout the field study period (27 March-1 September). Prior to snowmelt, three ~100
m2 study plots were established within each of the Burn (B1-B3) and Unburn (U1-U3) sites on P1 (Figure
1c) at the exterior edge of the plateau and the interior edge bordering the isolated collapse scar bog to
capture processes along a hillslope. To monitor the height of the water table, two 70 cm ABS slotted wells
with 5 cm inner diameter were installed within each of the six plots following snowmelt using a handheld
ice auger (Swede-Bore, Sweden) to bore into the frozen AL, reaching a maximum depth of ~60 cm. Each
slotted well was instrumented with a total pressure transducer (HOBO U20L, Bourne, Massachusetts, US),
which logged total pressure at 30-minute intervals. To correct for atmospheric pressure, measurements from
a pressure transducer (HOBO U20) near the above-described rain gauge (2 km away) were used. The
atmospheric pressure transducer was thermally buffered to record atmospheric pressure in a thermal regime
similar to the pressure transducers installed at the study site (Mclaughlin et al., 2012). To compare vertical
moisture distribution within the thawed peat and the response to precipitation, a soil pit was instrumented
on 31 May at each of the P1 Unburn and Burn sites with five soil moisture sensors (5TM, Decagon, Pullman,
Washington, US), installed in profile (see Figure 1) at 5, 10, 15, 20 and 30 cm below ground surface (bgs),
set to record half-hour measurements (EM50 Datalogger, Decagon). Because EM50 probes were not
calibrated for this peat soil, a standard factory calibration was used to calculate volumetric water content,
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hereafter referred to as soil moisture (ϴ; cm3 cm-3), and used for comparison purposes only. Malfunction
of the water content sensor at the Unburn site following precipitation events resulted in ϴ peaks that were
shifted vertically downward. Data were interpolated for such periods by shifting these ϴ peaks upward to
meet the pre- and post-event values (inset, Figure 9), providing approximate, but reliable values.

2.4.2

Spatial and Temporal Ground Thaw
Once the plots became snow-free, thaw depth was monitored throughout the thaw season by

penetrating the ground until refusal using a 150 cm graduated steel probe. Frost table depth (dFT; cm) was
measured on 7 May along one side of each plot. Subsequent gridded thaw depth measurements were made
at 50 cm2 spatial resolution within each plot at the end of May (22-24 May) and repeated at the end of June
(30 June-3 July) and August (25 August-1 September). These measurements are henceforth referred to as
May, June, and August FT. To exclusively examine AL thaw, measurements of dFT > 80 cm were assumed
to include a talik (Connon et al., 2018). Talik measurements were combined in the dataset and excluded
from statistical analysis. The geometric mean (1 ± standard deviation; SD) of dFT was computed for
combined plots within each site to compare between-site thaw depth differences for each period of
measurements. Because the data distribution was non-normal and could not be transformed to achieve
normality, the non-parametric Mann-Whitney test was used to determine statistical significance (p ≤ 0.05).
Digital elevation models (DEMs) of the GS and FT were generated for each plot using the kriging
method (Surfer, Golden Software, Golden, CO) to illustrate seasonal development of the AL, and to identify
FT depressions and runoff preferential flow paths. Because the highly variable ground surface (GS)
microtopography made direct comparison of mean dFT inadequate to fully assess ground thaw dynamics
and the development of hydrological flowpaths, GS elevation, ZGS, was measured as meters above sea level
(masl) at each grid point using a digital GPS (Viva GS10, Leica Geosystems AG, Switzerland, RTK ±0.02
m accuracy) and FT elevation (ZFT; masl) was determined by the difference between ZGS and dFT. To
characterize topographic variability and thaw evolution throughout the monitoring season, GS and FT
rugosity (VRM, vector ruggedness measure) was calculated as an average of all plots within each site,
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following the methods of Sappington et al. (2007). The volume of FT-bound thaw depression storage (Sd;
m3 m-2) was determined at each of the Unburn and Burn sites as the total depression volume divided by
total depression surface area using Whitebox GAT (Lindsay, 2016).

2.4.3

Snow and Soil Porewater Chemistry
Differences in solute concentrations were compared between Unburn and Burn sites for snow

water, and seasonal runoff water beginning with the onset of snowmelt and continuing into the thaw season.
To quantify snow water solute concentrations, three vertical snowpack samples were collected from snowpits within each site located between plots at the outer edge of the plateau. Snow samples were collected
on 28 March, prior to the onset of snowmelt, using a pre-washed polyethylene shovel rinsed with deionized
water (DI), avoiding the deepest 20 cm of the snowpack to reduce contamination from vegetation. Collected
samples were bagged (Ziploc), allowed to melt at room temperature, and processed as described below.
Following snowmelt, runoff samples were collected from two sampling pits within each of the Unburn (U1U3) and Burn (B1-B3) plots. Sampling pit locations were chosen along surface topographic depressions
with the intention of capturing runoff along a flowpath. Weekly sample collection began on 7 May, to
capture the freshet period, and continued until 6 June. An additional sample was collected on 3 July. On
each sampling day, a DI-rinsed polyethylene trowel was used to excavate a 10 cm diameter pit down to the
FT, to extract water from the saturated layer as it descended with the AL as thaw progressed. A prewashed,
sample-rinsed 250 mL bottle (Thermo Fisher Nalgene) was lowered below the WT and allowed to fill.
When possible, sample collection occurred within ~12 hours of a rain event to ensure adequate sample
volume. In cases where the water supply was low, water was squeezed from the peat by hand into the
sample bottle using vinyl powder-free gloves, though the soils were occasionally too dry to yield a sample.
New powder-free nitrile gloves were used for each sample extraction to avoid cross contamination.
Following sample collection, sampling pits were carefully backfilled with extracted peat. All samples
(except THg and MeHg) were sequence-filtered in the field through 0.7 μm glass fiber filters (GF/F)
followed by 0.45 μm cellulose acetate filters (Sartorius). Cations were preserved with 18% nitric acid
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(HNO3). THg and MeHg samples were collected using the “clean hands-dirty hands” sampling protocol
and filtered using pre-cleaned (with 1% trace metal grade HCl, rinsed with Milli-Q water) disposable filter
packs (Fisher 126-0045 CN Filter Unit, 250 mL), and preserved with ultra-trace metal grade hydrochloric
acid (HCl). All samples were kept cool and dark until shipment to the Canadian Association for Laboratory
Accreditation-certified Biogeochemical Analytical Service Laboratory (BASL) at the University of Alberta
in Edmonton, Alberta, Canada for analysis. Samples are referred to as snowmelt (28 March), freshet (7
May), early-season (16 May-6 June), and mid-season (3 July).
Samples were analyzed for chemical constituents following standard protocols at BASL. Dissolved
organic carbon (DOC) concentrations were analyzed using a Shimadzu TOC-5000A analyzer. Total
dissolved nitrogen (TDN) and total dissolved phosphorous (TDP) were analyzed using a Lachat
QuickChem QC8500 FIA Automated Ion Analyzer (Lachat, Loveland, Colorado, US). Major cations (Na+,
K+, Ca2+, Mg2+, Fe3+, Al3+) were analyzed using a Thermo Scientific ICAP-6300 Inductively Coupled Argon
Plasma - Optical Emission Spectrometer and anions (Cl-, SO42-) using a Thermo Scientific Dionex DX-600
Ion Chromatography (Thermo Fisher, Waltham, Massachusetts, US). Total mercury (THg) and
methylmercury (MeHg) were analyzed using Tekran 2600 Total Mercury Analyzer (Toronto, Ontario, CA;
EPA Method 1631) and Tekran 2700 Methyl Mercury Analyzer (EPA Method 1630), respectively. For
statistical analyses, concentrations below the minimum detectable limit (MDL) were estimated to be onehalf of MDL (Mueller and Spahr, 2005).
Due to the small porewater sample sizes at each site (n = 2-6), and because the data could not be
transformed to achieve normality, the non-parametric Mann-Whitney test was used to determine significant
differences (p ≤ 0.1) between Unburn and Burn runoff solute concentrations on each sampling day.

2.4.4

Peat Physical and Hydraulic Properties
At each of the P1 Unburn and Burn sites, five 4 cm diameter peat cores, each representing the 0-20

cm depth range, were collected from between the two exterior plots (Figure 1c) for analysis of physical and
hydraulic properties. To increase representation of this heterogeneous landscape, two moss-covered and
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two lichen-covered cores were collected from each site, one core from a bare surface in the Unburn site,
and one from a burned depression in the Burn site. To avoid artificial compression, peat blocks were
extracted from soil pits, carefully trimmed and slowly worked into a 20 cm shuttle core comprised of ten 2
cm acrylic rings. Following the methods of Sherwood et. al. (2013), each of the cores were divided into ten
2 cm sub-cores separated between the rings using a razor blade. These 2 cm sub-cores, referred to by their
mid-point (e.g. 4-6 cm as 5 cm), were used to create detailed depth profiles of changes in the physical and
hydraulic parameters described below, relative to the ground surface. Samples were fully submerged in DI
water for one week prior to testing, and saturated volume was used to account for peat swelling. Following
the completion of all tests, sub-cores were oven dried at 80°C for 48 hours to obtain dry weight (wdry; g),
bulk density, (ρb; g cm-3), total porosity (φT; cm3 cm-3), and effective porosity (φEFF, cm3 cm-3), sometimes
referred to as field capacity and defined here as the relative pore volume drained at 100 mbar of pore
pressure (see below). Due to the small sample sizes (n = 2-5), the Mann-Whitney test was used to determine
significant (p ≤ 0.1) differences between sites and median (± 1 SD) was reported (Tables 6, 7). All variables,
units and equations are listed in Table 1.
Vertical saturated hydraulic conductivity (Ksat; m d-1) was measured for individual sub-cores using
a modified constant head method. Mini-permeameters were constructed using the sub-core rings as
permeameter walls, extended vertically by 2 cm using a rigid tape, and constrained on the bottom by muslin
cloth. To minimize edge effects, each sub-core was frozen to maintain core integrity, tightly wrapped in
Parafilm, heat sealed around the edge, and placed back into the plastic ring with extra Parafilm encasing
the ring. The mini-permeameter was supported by a funnel and ring stand while 1 L of deionized water was
run through the thawed sample, maintaining a constant head. Ksat was calculated using Darcy’s Law (Table
1), following the method of Huang et al. (1995).
Soil water retention was measured along the profile as volumetric water content (ϴ; cm3 cm-3) using
pressure plate extraction tests (Soilmoisture Equipment Corp., Goleta, California, US) performed at
pressures (ψ; 20, 40, 80, 100, 500 and 1000 mbar) corresponding to an equivalent hydraulic head below the
sub-core depth [1 mbar = -1 cm]. Sub-cores (Parafilm removed) were submerged in DI for one week to
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fully saturate each sample, then subjected to each consecutive ψ until porewater drainage ceased, indicating
that hydrostatic equilibrium was achieved. This air entry pressure at each pressure step corresponds to the
maximum opening diameter of pores emptied. Water retention curves were constructed for each sub-core
where ϴ was calculated using the measured sample volume at each ψ to account for shrinkage upon drying.
Cumulative pore size distributions, derived directly from ϴ (Table 1), indicate the total volume of pores
with opening diameter smaller than that emptied at each ψ. Pore diameter (d; mm) was calculated (Hayward
and Clymo, 1982; Nimmo, 2004) assuming a contact angle equal 40° due to the moderate hydrophobicity
of both burned and unburned organic soils (Carey et al., 2007; Kettridge et al., 2014).
Though ϴ detects the relative volume of pores characterized by a minimum pore opening diameter,
solute breakthrough curves (BTC) distinguish between dual-porosity mobile and immobile pore volume.
Dual porosity characteristics of the sub-cores were examined near the surface (5 cm) and in deeper peat (15
cm) using flow-through experiments to compare fire-induced changes in the dominant water and solute
transport mechanisms. When flow velocity is held constant, solute detection of effluent before 1 porevolume (PV) results from preferential advective flow ahead of the solute front through open and connected
mobile pores, while prolonged tailings, where effluent concentrations (C) approach the input concentration
(C0), indicate a greater influence of diffusional transport into closed or dead-end mobile pores before inflow
and outflow equilibrium is reached (Rezanezhad et al., 2012a, 2016). Flow-through experiments were
conducted at the Ecohydrology Lab at University of Waterloo, Waterloo, Ontario, Canada using a nonreactive Cl- tracer following the methods of Rezanezhad et al. (2012). Parafilm wrapped sub-cores were
secured in flow-through reactor chambers enclosed by two PVC plates lined with 0.2 μm nitrocellulose
filters and Whatman GF/F filter (0.7 µm pore size) backings. To purge residual ions and entrapped air,
samples were saturated and flushed with Milli-Q Ultrapure water for one week while effluent electrical
conductivity (EC) was monitored (Thermo Fisher Orion 9617BNWP Chloride Selective Electrode,
Waltham, Massachusetts, US) to determine when ion flushing was complete. Once fully flushed, a NaCl
solution with initial Cl- concentration (C0) of 120 mg L-1 was introduced at a constant flowrate of 1 mL h-1
using a peristaltic pump (Gilson MINIPULS 3). Effluent volume was measured every 3-4 hours, then
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filtered (0.45 μm) and analyzed (Thermo Fisher, Dionex ICS-5000 Ion Chromatography System) to
determine volume-averaged effluent concentration (C; mg L-1). After an extra-column effects correction
(Rajendran et al., 2008) was performed, the CXTFIT model for two-region non-equilibrium flow (Toride
et al., 1995) was used to fit modeled breakthrough curves to measured effluent concentrations using a
nonlinear least-squares parameter optimization to estimate average mobile porewater velocity (vm; cm h-1),
dispersivity (d; cm), mobile pore fraction (β), and mass transfer coefficient (Ѡ; h-1). Boundary parameters
were estimated by employing the one-dimensional advection-dispersion equation (ADE) using laboratory
measurements. Because Cl- is considered a non-reactive solute, the solute retardation factor (R) was set to
1. Breakthrough curves (BTC) were plotted using relative Cl- concentration (C/C0; -) versus number of pore
volumes (PVs) of solute passed through the sample.

2.5
2.5.1

RESULTS
Meteorological Data
Wildfire had a clear effect on the water and energy balances of the Burn sites with pronounced

effects during the snow-cover period that continued through the snow-free season (Table 3; Figure 4). While
the average daily wind speed (Uz) was consistently higher in the Burn throughout the entire snow-covered
(1 Mar-30 April) and snow-free periods (1 May-26 August), the average daily air temperature (Ta) was
indistinguishable between sites. However, seasonal differences in radiative fluxes were observed. During
the snow-cover period, the Burn site received greater mean daily Kin but reflected disproportionately greater
Kout due to the higher snowpack albedo (α). After the sites became snow free on 1 May, Kin remained greater
in the Burn site, but minor difference in α resulted in greater K* in the Burn.
On 1 December, the Burn snowpack was 39% shallower than the Unburn (Table 4; Figure 5a; U =
45 cm, B = 27 cm). This difference diminished over the accumulation period so that by 27 March the Burn
snowpack was just 3% shallower (U = 70 cm, B = 69 cm). Though the pre-melt snowpack was shallower
in the Burn, it was also denser, containing 5-6% more SWE measured between 27 March and 22 April.
However, snowpack depletion was more rapid at the Burn site so that on 25 April, the Burn snowpack was
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15% shallower and contained 6% less SWE. Although the pre-melt Burn snowpack contained greater SWE,
aerial imagery of spatial snow cover (Figure 5b) showed the Unburn snowfree area was 17% greater prior
to snowmelt than both the Burn and the interior bogs. By 1 May, more rapid snow cover ablation in the
open environments of the Burn site and the bogs resulted in 9% greater snow-free area compared to the
Unburn, and both became snow-free three days earlier than the Unburn.

2.5.2

Ground Thaw and Soil Moisture
Though the mean difference in frost table depth (dFT) between sites was insignificant on 7 May

(Table 5; Figure 6), significantly deeper dFT developed in the Burn by the end of May and persisted through
June and August. At the end of June, the relative number of dFT observations exceeding 80 cm was 7%
greater in the Unburn site, indicating a larger aerial extent of talik. By the end of August, this value had
risen to 16%. Comparison of GS and FT topography (Figure 7) showed that the Burn GS was marginally
more rugged (VRM). The Burn FT was more rugged at the end of May, characterized by higher VRM, and
retained 70% less depression storage (Sd; m3 m-2) than the Unburn per unit area of plateau. By the end of
June, the Unburn developed deep thaw depressions that produced a higher VRM, but 53% lower Sd than
the Burn. The late-August FT remained more rugged in the Unburn (higher VRM), while Sd was just 11%
lower. Linear cross-sections through such flowpaths within study plots (Figure 7, 8) demonstrate thaw
evolution of storage depressions and runoff flowpaths.
Soil volumetric water content (ϴ) and water table (WT) responses to precipitation are illustrated in
Figure 9. The Unburn site had comparatively low ϴ variation (Figure 9a) throughout the upper 30 cm of
peat where values remained between 0.17 and 0.30. By contrast, ϴ at the Burn site (Figure 9b) remained
relatively low (0.10 ± 0.00; mean ± 1 SD) at 5 cm depth and progressively increased with depth such that
by 30 cm depth, the mean ϴ was relatively high (0.40 ± 0.04). In comparison with the Unburn site, the
average ϴ at the Burn site was consistently lower in the 5-15 cm layer, but consistently higher in the 20-30
cm layer. Precipitation Event A (16 June) delivered 12 mm of rain over a 10-hour period, initiating a distinct
ϴ responses at both sites. The soil moisture response at the Unburn was characterized by a gradual ϴ
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increase (compared to the Burn response) of ~0.05 throughout the 30 cm profile, followed by a relatively
rapid return to pre-event ϴ. In contrast, the Burn showed large, abrupt ϴ peaks at all depths below 5 cm,
increasing from 0.45 to 0.56 at 30 cm, followed by a more gradual decline. At the Unburn site, the WT
gradually rose by ~3 cm following Event A, while the response at the Burn site rose rapidly to a peak of 4
cm above the pre-event WT position.

2.5.3

Snow and Soil Porewater Chemistry
While chemical analyses of snowpack water showed negligible concentrations of all measured

constituents at both sites, and insignificant differences between sites (Figures 2, 3), runoff water chemistry
showed considerable differences between sites (Table 2) where porewater sampled from within Burn plots
generally exhibited higher mean (± 1 standard deviation) solute concentrations throughout the thaw period.
Both sites displayed relatively low concentrations of all measured chemical constituents during the spring
freshet, followed by an early-season peak, and variable mid-season concentrations. Differences between
sites were typically strongest immediately post-freshet and declined through the mid-season, with varying
significance at p ≤ 0.1 (highlighted by asterisks in Figures 2, 3).
The concentrations of cations (Na+, K+, Ca2+, Mg2+, Fe3+, Al3+) and anions (Cl-, SO42-) in pore water
were generally higher in the Burn (Figure 2), with the exception of Na +. Mean Ca2+ concentrations were
6.8 ± 1.1 mg L-1 greater in the Burn through early-season (7 May-6 June) and differences between the two
sites tapered to non-significance by the mid-season sample (3 July). This pattern was similar for all other
cation species measured (except Na+), with concentrations either significantly or marginally greater in the
Burn compared to the Unburn sites. Although patterns in Cl- were more variable, both Cl- and SO42- showed
patterns similar to the cations described above, with concentrations generally higher in the Burn. However,
SO42-: Cl- ratios were higher in the Burn, although this difference was only statistically significant on a
subset of the sampling dates, including during the mid-season.
Porewater dissolved nutrient (TDN, TDP), organic carbon (DOC) and total- and methyl-mercury
(THg, MeHg) concentrations were also elevated in the Burn, relative to Unburn sites (Figure 3).
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Specifically, mean porewater concentrations of DOC were 33.8 ± 5.3 mg L-1 greater and TDP were 1.5 ±
0.5 mg L-1 greater in the Burn, relative to the Unburn, throughout the sampling season. TDN was 2.0 ± 0.5
mg L-1 higher in the Burn through early-season, but not significantly different between sites during midseason. In contrast, mean porewater C:N molar ratios were 17.0 ± 6.5 mg L -1 higher in Unburn until midseason when no difference of means was observed. Although between-site differences were largely
insignificant, both sites displayed a general decrease in mean THg (Figure 3), and an increase in mean
MeHg, %MeHg (percent of THg that was methylated) and the DOC:THg ratio as the thaw season
progressed.

2.5.4

Peat Physical and Hydraulic Properties
Peat cores extracted from the Burn exhibited substantial differences in porosity, pore size and

structure along the 20 cm profile (Tables 6, 7) when compared to Unburn cores at equivalent depths, and
differences became more pronounced with depth (Figure 10). Bulk density (ρb) was significantly greater in
Burn cores below 3 cm, increasing from 0.06 to 0.10 g cm-3 between 3 and 17 cm in the Unburn and from
0.10 to 0.16 g cm-3 in the Burn. At both sites, increasing ρb with depth was associated with a decrease of
both total porosity (φT) and effective porosity (φEFF) (Figure 10a-c). Though differences in φEFF were not
detected from 0-9 cm, φEFF was 52% lower in the Burn by 15 cm, and 17% lower at 17 cm. The cumulative
pore size distributions, derived from volumetric water retention curves (Figure 10e,f), were rather consistent
throughout the Unburn profile and were nearly identical between sites at 5 cm where relative pore volume
with opening diameter < 0.114 mm was 54% and 56% in the Unburn and Burn, respectively. However, the
percentage of pore space occupied by smaller diameter pores dramatically increased with depth in the Burn
so that by 15 cm, 97% pores had an opening diameter < 0.114 mm, compared to 62% in the Unburn.
Runoff transport was strongly affected by post-fire changes of peat pore structure measured
throughout the 0-20 cm peat cores. Differences in the median saturated hydraulic conductivity (Ksat; Figure
10d) between the sites were insignificant from 0-9 cm, but were ~1 order of magnitude lower in the Burn
between 11 cm and 19 cm. Differences were also noted between the Burned and Unburned sites in terms
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of moisture retention. For example, ϴ remained relatively unchanged in the Unburn cores along the entire
20 cm profile at all matric pressures (ψ) (Figure 10f). Significant difference in ϴ between sites were not
observed until 9 cm where median ϴ was nominally greater in the Burn at ψ > 0 mbar and significantly
greater at ψ ≥ 500 mbar. The median ϴ differences increased with depth so that at 15 cm, ϴ was significantly
greater at all ψ > 0 mbar.
In addition to a shift in the distribution of pore opening diameters, differences in peat pore structure
were detected by the shape and timing of breakthrough curves (Figure 10g). The complex dual-porosity
characteristics of peat caused breakthrough (C/C0 = 0.5) to occur before 1 PV in both Burn and Unburn
sub-cores (Rezanezhad et al., 2012). However, at 5 cm the earlier detection time in the Unburn, relative to
the Burn, represents more rapid preferential advective flow, and thus solute transport, ahead of the solute
front through large open and connected mobile pores. The more gradual tailing (where C/C0 approaches 1)
in the Unburn shows greater influence of diffusion into closed and partially closed immobile pores
(Rezanezhad et al., 2012). At 15 cm, though similar detection time and breakthrough indicated comparable
preferential flow regimes, the steeper tailing in the Burn shows equilibrium was reached earlier than in the
Unburn, implying greater preferential flow through mobile pores and less influence from diffusive
exchange between immobile and mobile porewater. CXTFIT modelled breakthrough parameters are shown
in Table 8. Due to the small sample size at each site (n = 2), these transport parameters should be compared
with caution.

2.6
2.6.1

DISCUSSION
Seasonal Porewater Chemistry
Although porewaters collected from each site showed similar seasonal trends (Figures 2, 2) with

increases most pronounced following the spring freshet, porewaters collected from the Burn site generally
showed higher concentrations of almost all measured chemical constituents throughout the sampling
season. While dilute snow-water samples collected from both sites showed relatively low solute
concentrations, low porewater concentrations during the freshet and the apparent decrease in porewater
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concentrations following rain events indicated porewater was diluted by precipitation (Petrone et al., 2007).
While samples were collected from the saturated layer just above the FT as the thaw season progressed,
and sampling date is conceptually interchangeable with sampling depth, dilution from precipitation inputs
appeared more influential on seasonal runoff chemical loading than saturated flow depth at both sites.
However, differences in daily between-site concentrations suggest different solute sources and
biogeochemical processes.
Runoff collected from the Burn site generally exhibited higher mean ion (Ca 2+, Mg2+, K+, SO42-,
Fe3+, Al3+) concentrations (except Na+) through the sampling season (Figure 2). Higher cation
concentrations have been attributed to the loss of soil OM resulting in greater runoff interaction with mineral
soils (Certini, 2005; Petrone et al., 2007; Parham et al., 2013). However, peat at Scotty Creek is 2-8 m thick
(McClymont et al., 2013; Connon et al., 2015) and since most of the ground surface was lightly scorched
with little or no OM loss, mineral soil interaction is improbable. Increased cation loading detected in Burn
porewater offers strong evidence that canopy combustion likely deposited ion-rich ash on the peat surface
that subsequently translocated into the peat matrix where up to 90% of base cations may be retained in
shallow peat due to the high cation exchange capacity of OM (Certini, 2005), supporting the hypothesis
that ash particulates clogged inter-fiber pore spaces, as discussed above.
Na+ and Cl- trends generally opposed those observed in all other ions where, although not
significant, the difference of means was greater in the mid-season sample. Because porewater becomes
enriched in Cl- over time due to evaporative losses, Cl- concentrations can be used as an indicator for runoff
water age, and therefore source. During the early-season, significantly higher Cl- concentrations in the Burn
indicated a greater portion of older water within runoff, possibly sourced from greater over-winter ϴ
storage. And though not statistically significant, arguably higher mean concentrations of both Na+ and Clin Unburn samples at depth (mid-season) suggest increased talik water interaction, corroborating dFT
measurements (Figure 6c,d) that show greater aerial extent of taliks within Unburn plots.
Previous studies that have observed lower nutrient (TDN, TDP) and dissolved organic carbon
(DOC) concentrations in runoff following wildfire attributed these findings to loss of organic C during OM
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combustion and volatilization (Betts and Jones, 2009; Parham et al., 2013), and reduced nutrient uptake
following the death of vegetation. In this study, higher mean nutrient concentrations (Figure 3) observed in
Burn porewater throughout the season are likely due to contributions from multiple sources. Low-intensity
fires often cause vegetation death, with subsequent nutrient distillation and leachate from the dead biomass,
while extreme heating of OM produces NH4+, NO3-, and PO43- and converts labile C to less biodegradable
forms (Olefeldt et al., 2013b, 2014; Parham et al., 2013). Degrading soot (condensed volatiles) and char
(solid organic residue) sourced from heating and incomplete combustion of the canopy and surface
vegetation can migrate downward into the peat matrix (Certini, 2005; Preston and Schmidt, 2006; Flannigan
et al., 2009; Olefeldt et al., 2014), transfering nutrients and contaminants back into the soil solution. In
addition, groundwater and solute inputs are made available during the thawing of permafrost (Tjerngren et
al., 2012; Gordon et al., 2016) that has been observed following wildfires (Shur and Jorgenson, 2007; Koch
et al., 2014; Brown et al., 2015).
Because elemental mercury (Hg) binds to OM by adsorption, DOC and THg concentrations are
often strongly correlated. Like DOC, THg increased following the wildfire (Figure 3), and the increasing
difference with depth can be attributed to THg released during permafrost thaw (Schuster et al., 2011).
Through anaerobic OM oxidation, sulfate-reducing bacteria transform Hg into toxic methyl-mercury
(MeHg), though the percent of THg that is methylated (%MeHg) is dependent on THg, DOC and SO 42availability, and limited by the activity of SO42- reducing bacteria (Branfireun et al., 1999; Tjerngren et al.,
2012; Gilmour et al., 2013). Both sites showed decreasing THg concentrations over the sampling season
and increasing MeHg production with increasing sampling depth, likely due to more reducing (higher
moisture) conditions of deeper peat (Gordon et al., 2016). Furthermore, the percent of THg that was
methylated (%MeHg) was significantly higher in the Burn throughout the season. Marginally to
significantly higher SO42:Cl- ratios in Burn porewaters throughout the sampling season signify SO42enrichment throughout the profile. However, higher SO42- concentrations, a biproduct of OM combustion
(Certini, 2005), were only observed in Burn runoff prior to the mid-season (deepest) sample. While Burn
porewater THg and DOC remained higher in the deepest mid-season samples, insignificant differences of
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SO42- concentrations and C:N ratios suggest that MeHg production was not limited by required substrate or
microbial populations, but by SO42- availability at both sites.
The movement and retardation of these solutes, and biogeochemical reactions that occur within the
peat matrix are controlled by complex interactions and feedback between primary production and
decomposition, the various sources of solute and their chemical constitution, biotic and abiotic chemical
reactions, plateau water and energy balances, peat physical and hydraulic properties, and ground thaw
dynamics. Post-fire observations across this burn landscape offer insight into the various sources and
processes responsible for changes in seasonal runoff chemistry.

2.6.2

Ground Thaw Regime and Runoff Flowpath Development
Wildfire-affected tree canopy characteristics, such as reduced leaf coverage and vegetation height

(Certini, 2005), influenced the energy dynamics and water balance of the Burn peat plateau. Figure 11
illustrates the impacts of changes in canopy characteristics on water inputs, storage and routing that
influence the volume, timing and quality of runoff water before it reaches an adjacent wetland. Higher mean
daily incoming shortwave radiation (Kin) and higher wind speeds (Uz) in the Burn (Figure 4) indicate that
the combustion of the tree canopy initiated the transition of the forested plateau toward an open
environment. Lower snowfall interception rates in an open environment suppress sublimation losses,
allowing greater snowpack accumulation (Pomeroy et al., 1998), the Burn site exhibited a shallower overwinter snowpack (Figure 5a). As a tree canopy becomes increasingly laden with intercepted snow, the
interception efficiency decreases (Hedstrom and Pomeroy, 1998). As a result, the difference in snowpack
depths decreased over the winter so that by 27 March, the Unburn snowpack depth was only ~1 cm deeper.
However, since the Burn snowpack was characterized by a denser late-winter snowpack (compared to the
Unburn) containing greater SWE (Figure 5a), and it was assumed that this trend was not unique to latewinter, it follows that snowpack densification, plausibly caused by greater Kin promoting snow
recrystallization and higher Uz enhancing wind-packing, coupled with lower snowfall interception, resulted
in a shallower snowpack with greater SWE, providing more meltwater for spring runoff.
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The Burn and Unburn sites also experienced contrasting rates and patterns of snowmelt (Figure
5b). Canopy loss reduced the presence of pre-melt (28 March) snow-free tree wells, exposed tree foliage,
and fallen canopy debris, resulting in higher albedo (α) in the Burn during the snowcover period, thereby
initiating a slower onset of snowmelt. However, differences in α diminished as snowmelt progressed, likely
as a result of the increasing concentration at the snowpack surface of dark char particulates from charred
tree trunks that had accumulated within the snowpack (Yoshikawa et al., 2001; Gleason et al., 2013). In
addition, the greater transmissivity of the thinner Burn canopy (Quinton et al., 2009a; Chasmer et al., 2011)
permitted more spatially and temporally consistent Kin across the snowpack and ground surface, producing
more spatially uniform melt and therefore smaller, more homogeneously spaced residual snow patches as
melt progressed (Gleason et al., 2013). Since the lower α of snow-free patches promotes greater energy
absorption compared to the snow surface, and snow patches absorb solar energy at the surface and thermal
energy at the edges through conduction from snow-free peat, smaller irregular snow patches, such as those
observed across the Burn landscape, undergo more rapid melt compared to the larger, rounder patches
(Quinton et al., 2009a) that remained within the Unburn. The combined impact of decreasing α and greater,
more spatially uniform Kin across the Burn allowed melt to progress more quickly, contributing a larger
volume of meltwater to runoff over a shorter period.
Changes in the plateau energy balance also altered ground thaw patterns, and therefore runoff
flowpaths. Though fire has been observed to reduce snow-free ground surface α by up to 50% (Rouse and
Kershaw, 1971; Yoshikawa et al., 2001), the 6% increase in land surface α following this low-severity burn
(Figure 4) was attributed to large patches of lightly scorched and dead, but not charred, surface vegetation.
However, the magnitude of the Kin increase in the Burn resulted in 5% greater K*, providing more energy
for ground warming and thaw. Since Kin drives both melt and thaw, the spatial heterogeneity of snowmelt
is reflected in ground thaw patterns where preferential thaw occurs below exposed surficial peat (Wright et
al., 2009). Immediately following snowmelt, dFT (Figure 6; 7 May) was shallow and relatively
homogeneous across both the Burn and Unburn sites. By the end of May, the mean dFT was significantly
deeper at the Burn, and this difference increased as thaw progressed. Preferential thaw between trees
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(Quinton et al., 2009a) in the Unburn generated thaw depressions by late June (Figures 7, 8), though the
mean dFT remained shallower than the Burn (Figure 6). Conversely, reduced surface shading across the
Burn promoted deeper and more spatially homogeneous thaw.
The changing thaw regime following the wildfire altered plateau runoff pathways, creating a
feedback that promoted thaw. Local hydraulic gradients direct subsurface flow toward FT depressions
(Wright et al., 2009; Quinton et al., 2011) where water is stored, generating greater localized ϴ, and thereby
increasing vertical and horizontal thermal conductivity (Hayashi et al., 2007). Deeper thaw depressions that
develop in the Unburn expand three-dimensionally (Quinton et al., 2011) and eventually coalesce (Wright
et al., 2009), creating depression networks that transition these subsurface storage features into subsurface
runoff flowpaths. Depressions release runoff once their storage capacity is exceeded either by excess input
or thaw breech of the depression walls (Wright et al., 2008). WT increases that were observed following
precipitation events (Figure 9c) indicate excess input, while peaks observed between rain events are
attributed to thaw breach along the depression network. The thaw regime of the Unburn plateau generates
tortuous flowpaths within depression networks that quickly transport water and thermal energy off the
plateau (Quinton et al., 2009c; Wright et al., 2009), maintaining cooler, drier conditions above interdepression frozen peaks. Because the location of these thaw depressions is consistent each year, this thaw
regime promotes permafrost stability (Wright et al., 2009). In contrast, following canopy removal, frozen
peaks that once persisted in shaded areas (Wright et al., 2009) in the Burn could potentially thaw at the
same rate as peat beneath pre-burn unshaded areas, thereby equalizing thaw. Shallower depressions (Figure
7, 8) produced lower localized hydraulic gradients and therefore, greater flowpath connectivity (Quinton et
al., 2009c, 2009a), leading to slower, more uniform runoff drainage, and thus greater soil moisture and
thermal retention across the burned landscape. This is illustrated in Figure 9d by the absence of WT peaks
between precipitation events in the Burn. Without the initiation and feedbacks that generate deep thaw
depressions, the temperature gradient direction in the Burn is dominantly vertical (Figure 8), rather than
both horizontal and vertical such as within Unburn thaw depressions, providing more energy for vertical
thaw that is more likely to penetrate the permafrost table (Connon et al., 2018).
35

Where permafrost is close to 0°C, small increases in stored thermal energy can degrade permafrost.
At Scotty Creek, the maximum depth of AL refreeze is ~80 cm, and when the depth of thaw exceeds the
depth of refreeze, a talik develops (Connon et al., 2018). Thought this wildfire resulted in deeper thaw in
the Burn, talik detection (where dFT < 80 cm) was more frequent within Unburn plots (Figure 6c,d). One
possible explanation for this finding is the proximity of each site to adjacent land features. Quinton et al.
(2011) observed advanced permafrost degradation of a peat plateau where bordered by a fen, such as along
the Unburn (Figure 1c), due to horizontal and lateral heat flow. Another possible explanation is lateral
permafrost degradation along the edge of the Burn plateau, resulting in surface subsidence (Brown et al.,
2015) and therefore a reduction of plateau area that is underlain by talik. Although this study was not
designed to detect talik development and progression, the changing thaw regime observed in the Burn,
coupled with enhanced insulation of the higher SWE snowpack (Wright et al., 2009; Jafarov et al., 2013),
provided prime conditions for talik initiation and advancement (Payette et al., 2004). Since enhanced
permafrost thaw was observed in the Burn site, it is conceivable that with time, talik expansion in the Burn
could surpass that of the Unburn, allowing year-round transmission of water and solute through the basin.

2.6.3

Peat Physical Properties and Porewater Flowpaths
Runoff transmission is dictated by the hydraulic properties of peat within the saturated flow zone,

and is therefore dependent on thaw depth (Wright et al., 2008; Quinton and Baltzer, 2013). During this
study, the freshet that releases ~39% of annual precipitation contained within the snowpack (MSC, 2012)
occurred around 7 May, and since late May mean dFT (Figure 6b) reached 21 (± 6) cm and 22 (± 5) cm in
the Unburn and Burn, respectively, the transmission of runoff during the largest annual hydrologic event
was dictated by the hydraulic properties of peat within the upper ~20 cm of the plateau. Movement and
redistribution of runoff and solute across a plateau are directly impacted by the physical properties of its
peat including porosity, pore size, shape and structure (Rezanezhad et al., 2009, 2010). These physical and
hydrological changes can have significant impacts on solute source and transport, and biogeochemical
reactions occurring within the AL.
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Substantial differences of peat physical properties were observed between the Burn and Unburn
peat cores. Throughout the 20 cm profile of Unburn peat, median ρb , φT, φEFF and pore size distributions
(Figure 10a-c,e) remained relatively stable and showed close agreement with previous studies (Hayward
and Clymo, 1982; Hoag and Price, 1997; Carey et al., 2007; Quinton et al., 2008; Holden, 2009;
Rezanezhad et al., 2016), indicating rather uniform pore physical structure throughout the Unburn peat
profile. Comparatively, median ρb was higher in the Burn across the same depths, indicating higher ash
content (Redding and Devito, 2016), with an associated reduction in φT as shallow as 3 cm. While φEFF and
pore size distributions appeared unaffected by the fire between 0 and 5 cm, below 5 cm where direct impact
of fire was unlikely (Debano, 2000), lower φEFF and smaller pore diameters suggest different processes
were responsible for the changes in ρb and φT observed in near-surface (< 5 cm) and deeper (5-20 cm) peat.
Because peat ϴ (Figure 10f) was unchanged in the Burn at 5 cm, it is hypothesized that extreme
heating destroyed near-surface plant cellular structure, including the Sphagnum capitula and water holding
hyaline cells (Sherwood et al., 2013), replacing immobile pores with mobile pores of equivalent diameter.
Combustion and incomplete combustion of surface vegetation converts low density organic matter to higher
density ash and char (Redding and Devito, 2016). However, below 5 cm where it is unlikely that plant
tissues were thermally compromised, the higher cation concentrations observed in Burn porewater (Figure
2) indicated ash enrichment, suggesting that dense ash and char particulates (Flannigan et al., 2009) from
above-ground sources were incorporated into the peat matrix, occupying previously open inter-fiber mobile
pores and increasing ρb, supported by elevated ion concentrations. (Figure 2). Such pore clogging would
increase the relative volume of smaller diameter (Figure 10e) inter-particle mobile pores, resulting in greater
porewater retention (Figure 10f) at ψ < 100 mbar (Stoof et al., 2010). At ψ > 100 mbar, once hyaline cells
are emptied and only hygroscopic water remains, a higher ϴ was observed in the Burn peat, likely controlled
by the greater surface area of ash-altered peat (Stoof et al., 2010). These near-surface (< 5 cm) physical
changes can lead to peat drying, shrinkage and densification (Hayward and Clymo, 1982; Mccarter and
Price, 2014) while deeper within the profile (> 5 cm), physical changes promote moisture retention and
prevent rapid percolation (Hayward and Clymo, 1982; Nimmo, 2004). The coupled effect of higher ρb in
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Burn peat at all depths, and higher ϴ below 5 cm may have provided a heavier overburden to underlying
peat that augmented peat densification, compression and pore closure (Nimmo, 2004).
By changing the relative volume of smaller diameter pores as well as the mobile pore fraction, these
post-fire physical changes altered pore hydraulic properties, and therefore porewater and solute transport
mechanisms. The complex dual-porosity characteristics of peat promote non-equilibrium flow where rapid,
preferential advective flow through more continuous and tortuous mobile pores cause solute dispersion
ahead of the solute front, and rate-limited diffusive exchange (represented by the breakthrough curve
tailing) into immobile pore spaces delays (Allaire et al., 2002; Rezanezhad et al., 2012a, 2016). Therefore,
solute dispersion is dependent on average porewater velocity and the proportion of mobile pore spaces.
Solute breakthrough (C/C0 = 0.5) occurred before the passage of one pore volume (PV) in all sub-cores
from both sites (Figure 10g), however varying detection time and curve shape at each site signify distinct
solute transport regimes in near-surface (5 cm) and deeper (15 cm) peat. At 5 cm, earlier solute detection
and breakthrough in the Unburn resulted from preferential flow through large mobile pores, while later
detection and breakthrough in Burn peat at 5 cm was attributed to increased equilibrium flow due to the
conversion of the dual-porosity peat to a more single-porosity medium characterized by a greater mobile
pore fraction. This suggests that preferential mobile pore flow was replaced by more uniform bulk flow in
the Burn through a larger volume of smaller diameter mobile pores, supporting the hypothesis that nearsurface hyaline cell destruction reduced immobile porosity. At 15 cm, similar detection time and solute
breakthrough between sites indicated analogous preferential flow regimes. Stoof et al. (2010) found that
the addition of single porosity particulates (ash, char, sand) into peat does not change preferential mobile
pore flow. However, the more gradual tailing in the Unburn, compared to the Burn, shows substantial
diffusive exchange into immobile pores before equilibrium (C/C0 = ~1) was reached (Rezanezhad et al.,
2012b), indicating greater influence of diffusion into immobile regions. A possible explanation for the
steeper tailing in the Burn may be that more uniform, lower velocity bulk flow through a larger portion of
mobile micropores promoted diffusive mobile/immobile porewater exchange, allowing equilibrium to be
achieved sooner (Stoof et al., 2010; Tiemeyer et al., 2017).
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Since the rate of runoff transmission is controlled by the hydraulic properties of peat at the depth
of saturated flow, the apparent shift of the transition zone closer to the surface in Burn cores indicates that
porewater, solute, and thermal energy will have a longer residence time earlier in the season. Above the
transition zone, located ~20 cm below GS, the peat matrix is dominated by large connected pores between
undecomposed plant fibers that permit rapid advective flow (Quinton et al., 2008, 2009b; Rezanezhad et
al., 2010). Below the transition zone, increasingly smaller, more tightly packed peat fibers create
increasingly smaller diameter pores characterized by less connected, more tortuous flowpaths (Rezanezhad
et al., 2009, 2010). In the Unburn cores, Ksat (Figure 10d) was within the expected range throughout the 20
cm profile and approached the transition zone (Quinton et al., 2008; Wright et al., 2008) at ~17 cm.
Porewater flow is subjected to frictional forces imposed at the pore wall, where smaller diameter pores
dramatically reduce Ksat (Quinton et al., 2000, 2008; Price and Whittington, 2010; Rezanezhad et al., 2010).
Consistent with the pore size distributions (Fig. 10e), Ksat showed no change in Burn sub-cores between 0
and 5 cm. By 11 cm, Ksat in the Burn was approximately an order of magnitude lower than the Unburn, and
corresponded to a greater relative volume of increasingly smaller diameter pores, suggesting that the
transition zone shifted upward by ~6 cm.
Between-site comparison of soil moisture responses to precipitation (Figure 9a,b) demonstrates a
hydrological consequence of fire-induced changes to peat physical properties. Pore tension at a given
position in the peat profile is controlled by elevation of that position above the WT (Thompson and
Waddington, 2013). However, the magnitude of ϴ responses to precipitation are dependent on maximum
pore sizes (Hayward and Clymo, 1982; Nimmo, 2004; Rezanezhad et al., 2009, 2010), a major factor
controlling the drainable porosity of peat (Quinton and Hayashi, 2005). The presence of highly conductive
macropores throughout the Unburn profile (Figure 10e) allowed precipitation to quickly percolate (Holden,
2009) through to the WT, causing brief ϴ increases of similar magnitude at all depths (Figure 9a). Since
WT increases are dependent on water input volume and rate, Ksat of the saturated flow zone, and the
available (air-filled) porosity of the soil, the gradual WT rise of ~3 cm (Figure 9c) in the Unburn peat
column illustrates rapid percolation through the 30 cm peat profile (Gillham, 1984; Holden, 2009), while
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the symmetrical fall signified that peat saturation and drainage were dependent on Ksat of peat within the
saturated zone. Comparatively, lower ϴ in the Burn at 5 cm (Figure 9b) likely resulted from the combination
of vegetation death, and destruction of near-surface water-holding hyaline cells during extreme heating
(Yoshikawa et al., 2001; Mccarter and Price, 2014), and possibly the presence of a hydrophobic layer
(Kettridge et al., 2014). This provides a dry soil-atmosphere moisture barrier that hinders
evapotranspiration losses while simultaneously increasing subsurface ϴ (Thompson and Waddington,
2013; Kettridge et al., 2014). Below the dry, heat-compromised surface, the more uniform distribution of
smaller diameter pores in the Burn (Figure 10e) lead to greater soil moisture retention (i.e. lower drainable
porosity) above the WT (Figure 9b) following precipitation events, consequently allowing less water to
percolate through to the WT. However, because drainable porosity decreases from ~50% at the surface to
~5% at 30 cm (Quinton and Hayashi, 2005), deeper peat is able to maintain a tension saturated layer above
the WT and only a small amount of water is required to relieve that tension and produce an almost
instantaneous WT rise (Gillham, 1984). Though a fraction of the 12 mm of precipitation provided during
Event A (Figure 9d) was retained in the unsaturated layer above the WT, the abrupt ~4 cm WT rise in the
Burn indicates a 4 cm thick tension saturated layer. Thompson and Waddington (2013) observed similar
WT responses to rain events in burned peatlands. This has the potential to raise the WT into a region of the
peat profile where hydraulic conductivity could be orders of magnitude higher, generating rapid runoff.
However, the steadily declining WT following rain events reflected the upward shift of the transition zone
and likely mitigated this rapid runoff response.

2.6.4

Hydrological and Biogeochemical Feedbacks
Several potential sources of porewater enrichment were identified. 1) Reduced canopy coverage

coupled with the higher thermal conductivity of the burn-affected peat equalized thaw across the Burn
landscape; vertical and lateral permafrost degradation liberated solutes previously bound within permafrost
water. 2) Ash and char from above ground sources were deposited at the peat surface, translocated into the
peat column and incorporated into the peat matrix. This, coupled with 3) leaching dead organic matter,
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became both a solute sources and substrates for biogeochemical reactions. Furthermore, 4) incorporation
of these particulates altered the hydrophysical properties of the peat,and promoted longer mobile porewater
residence time in the Burn peat, promoting rate-limited solute release of concentrated immobile porewater
into plateau runoff.
The combined impacts of these additional sources resulted in higher cation loading, DOC and
nutrient enrichment, and elevated Hg concentrations. While porewater samples collected from early season
suggested reduced microbial activity in shallow peat, waters collected later in the season from deeper peat
indicate that the enhanced production of toxic MeHg was limited by SO42- availability, rather than DOC,
THg or the activity of SO42- reducing bacteria. While runoff water and solute had a longer residence time
on the plateau, these changes have the potential to deliver higher runoff concentrations of nutrients and
contaminants to adjacent waterbodies, suggesting low-severity burns may have detrimental ecohydrological
impacts.

2.7

CONCLUSIONS

This study provides a insight into the potential sources and processes responsible for changes in seasonal
runoff water chemistry on a permafrost plateau following a low severity wildfire by investigating the
interactions and feedbacks of changes in chemical, physical and hydraulic properties within near-surface
(0-20 cm) peat. The results presented here suggest that potential sources of porewater solute enrichment
were likely four-fold. 1) Ash and char from above ground sources were deposited at the peat surface and
translocated into the peat column. These particulates, coupled with 2) leachate from dead organic matter,
became both a solute source and a substrate for biogeochemical processes, while altering the hydro-physical
properties of the peat. 3) Longer mobile porewater residence time in the Burn peat promoted the release of
highly concentrated immobile porewater into plateau runoff. Furthermore, 4) reduced canopy coverage
coupled with the higher thermal conductivity of the higher moisture, burn-affected peat equalized thaw
across the Burn landscape, liberating permafrost-bound solute during vertical and lateral permafrost
degradation while promoting enhanced microbial reduction. While runoff water and solute had a longer
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residence time on the Burn plateau, these changes have the potential to deliver large amounts of nutrients
and contaminants to adjacent waterbodies.
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CHAPTER 3:
Conclusions and Future Research

3.1

Summary and Conclusions
Wildfire events in a warming climate pose complex, direct and indirect ecological consequences

such as landscape-scale changes in carbon stocks, nutrient cycling, successional revegetation, and water
resources. A “paired catchment” approach is often used for comparing pre- and post-fire conditions
(McEachern et al., 2000; Wardle et al., 2008; Betts and Jones, 2009; Genet et al., 2013; Gleason et al.,
2013; Thompson and Waddington, 2013; Gibson et al., 2016), however these studies are limited by
heterogeneities within and between landscapes, where variations in soil characteristics, site slope and
aspect, hydrological regimes and vegetation communities can occur over relatively short distances. “Space
for time” analysis, where burn scars of different ages are compared, is another common method used as a
proxy for ecosystem recovery over time (Benscoter et al., 2005; Parham et al., 2013; Brown et al., 2015).
In addition to the natural heterogeneities mentioned above, “space for time” analyses are complicated by
variances in burn severity as well as changing climatic conditions in which ecosystem recovery occurs,
where recent burns are subjected to evolving climatic conditions compared to historic burns (Brown et al.,
2015). Studies also tend to focus on large, high-severity fires due to the vast areas of ecosystems affected.
Though microtopography, and therefore micro-climates, are present across a peat plateau surface due to the
development of sphagnum hummocks and lichen covered hollows, it is a reasonable assumption that the
genesis and growth of a peat plateau in a stable climate produces comparable conditions across the plateau.
For this reason, the research presented in this thesis is unique in that the burned and unburned landscape
comparisons are of a single landform unit and can be considered accurate representations of conditions and
processes “before” and “after” a wildfire.
Since water provides a conduit for the movement of solutes and particulates through a soil, and
runoff transport is controlled by soil characteristics such as pore size, shape, and continuity (Allaire et al.,
2002; Quinton et al., 2009b; Rezanezhad et al., 2010), the impacts and implications of a wildfire on runoff
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water quality cannot be thoroughly investigated independent of changes in soil hydro-physical properties.
This study took a multidisciplinary approach to explain post-fire hydro-ecological impacts of a low-severity
wildfire, and demonstrates the interrelations between direct above-ground impacts of canopy combustion
and loss, and indirect below-ground changes in ground thaw dynamics, runoff flowpaths, and porewater
and solute source and transport mechanisms.
Though various potential solute sources were identified in this study, the transport of such solutes
is controlled by macroscale and microscale runoff flowpaths. Thaw depth and frost table topography dictate
the depth and routing of lateral runoff flow (Quinton and Baltzer, 2013), while peat physical properties at
the depth of flow dictate the runoff rate (Quinton et al., 2008). In this study, canopy combustion and loss
altered the plateau water and energy inputs by reducing precipitation interception and exposing a greater
percent of the plateau surface area to solar radiation. Since soil moisture and incoming shortwave radiation
are the dominant factors affecting thaw (Wright et al., 2009; Chasmer et al., 2011) in this region, the
interaction of these two changes would suggest that the burned area would more likely experience deeper,
more uniform thaw. Though this research supports this conclusion, the controlling mechanisms are more
complex.
Longer porewater residence time on the burned peat plateau may be the single most important postfire impact. Incorporation of these particulates within the peat matrix clogged interparticle pore spaces,
resulting in the reduction of both pore diameters and the relative volume of immobile pores. The impacts
of changes in pore physical characteristics on ground thaw are two-fold, affecting the transmission of
porewater and thermal energy. The transport of water, and therefore the thermal energy it carries, is
influenced by the hydraulic conductivity, hydraulic gradient, pore pressure, and moisture content within a
soil. Thermal energy is transferred by conduction along a temperature gradient, and by advection through
the movement of water. These processes often act as opposing forces. For example, the extreme temperature
gradient within a thawed supra-permafrost soil invokes downward heat transfer and the higher soil moisture
content of this burn-affected peat facilitates this transfer. Conversely, greater capillary forces within smaller
diameter pores, such as observed in the burned-affected peat soils, enhance its water (and heat) retention
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capabilities. The combined impact of greater incoming solar radiation, reduced advective transport of
porewater and thermal energy, and increased influence of conductive thermal transfer promoted both
vertical and lateral permafrost degradation that equalized the frost table topography across the plateau,
diminishing the development of preferential flowpaths while increasing flowpath connectivity, resulting in
slower runoff drainage (Quinton et al., 2009a).
In addition to promoting deeper, more rapid thaw, porewater residence time is a dominant factor
controlling biogeochemical reactions and runoff solute source and transport. These smaller pores promote
longer porewater retention time in both saturated and unsaturated conditions, increasing the time allowed
for diffusive exchange between immobile and mobile porewater. Slower flow through micropores maintains
higher nutrient concentrations (Allaire-Leung et al., 2000; Jarvis, 2007), while wetter soil conditions
support enhanced microbial activity, promote solute dissolution, leaching of dead organic matter and
enhance the release of stagnant, highly concentrated immobile porewater back into mobile pore runoff
(Rezanezhad et al., 2012a). Evidence from the present study suggests that changes in porewater solute
composition from climate-induced PF thaw were augmented by this low-severity wildfire where additional
solute is sourced from dissolved ash, dead organic matter, immobile porewater, and thawing permafrost
soils. The complexity of potential post-fire solute sources indicates that porewater chemistry was mutually
dependent on fire induced chemical changes due to combustion and extreme heating, and changes in peat
physical structure, hydraulic properties, and surface water and energy exchanges, suggesting that though
the direct impacts of this low-severity fire were mainly above-ground, the peat plateau experienced
significant below-ground consequences.
In permafrost regions, accurate projections for how varied landscapes will evolve in a warming
climate, and the implications this will have on water resources, are complicated by changing fire regimes.
This research provides a unique perspective on the hydro-physical impacts of a low-severity wildfire and
the biogeochemical feedbacks responsible for changes in runoff water chemistry. The combined impacts of
climate warming and wildfire have the potential to alter the landcover(Quinton et al., 2011), hydrology and
water quality within a drainage basin.
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3.2

Future Research

This study provided a comprehensive analysis of the hydro-physical impacts of a low-severity
wildfire on a permafrost cored peat plateau, and the implications for and interactions with runoff water
solute. This research, however, left several key questions unanswered. Though various likely sources of
additional solutes were identified, the relative contribution of each source remains unknown. Inevitable
heat-induced changes in microbial populations and their post-fire recovery were left to speculation. While
populations likely plummeted immediately following the burn, rebounding populations could lead to
significant increases in nutrient mineralization and peat decomposition rates, which would influence the
establishment, growth and speciation of successional vegetation communities. Using a multivariate
analysis, the relative importance of influences such as sampling depth, thawing permafrost, changes in pore
physical properties, and hydraulic conductivity could be elucidated. Since plateaus contribute runoff to
adjacent wetlands, a concurrent analysis of changes in runoff chemical concentrations would give valuable
insight into the impacts on aquatic ecosystems. And finally, this study established important baseline data
that provides solid foundation for monitoring ecosystem recovery, or deterioration, in a changing climate.
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FIGURES

Figure 1: (a) Location of the 2014 wildfire at Scotty Creek, Northwest Territories, Canada. (b) Study area
that includes the partially burned peat plateaus and Goose Lake. (c) Aerial imagery of the partially burned
plateaus (P1, P2), locations of study sites (Burn, Unburn), study plots (B1-B3, U1-U3), snow survey
transects, UAV snow imagery boundary (see Figure 5), locations of soil moisture (ϴ) probes,
meteorological stations, and peat cores.
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Figure 2: Concentrations and relationships of major ions in snowpack water (28 March; S) and peat
porewater collected during the freshet (7 May; F), early season (16 May-6 June, shown in gray), and midseason (3 July) relative to daily cumulative precipitation.
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Figure 3: Concentrations of nutrients, total mercury (THg), methyl-mercury (MeHg), percent of THg that
was methylated (%MeHg), and nutrient relationships in snowpack water (28 March; S) and peat porewater
collected during the freshet (7 May; F), early season (16 May-6 June; shown in gray), and mid-season (3
July) relative to daily cumulative precipitation. Note THg and MeHg units (ng L-1).
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Figure 4: Average difference (± 1 SD) of windspeed (Uz; m s-1), air temperatures (Ta; °C) and daily mean
shortwave radiative fluxes (K; MJ m-2 d-1) measured in unburned and burned sites on plateau P2 during the
Snow Cover (1 March-30 April) and Snow Free (1 May-28 August, shaded gray) periods. Lines show the
difference in measured values where positive (red) lines indicate higher Burn values and negative (gray)
lines indicate higher Unburn values.
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Figure 5: a) Seasonal differences of snow depth measured from the SR50A acoustic sensor (cm; solid line)
and mean snow water equivalent (SWE) measured along the transects (mm; dashed line) in Figure 1.
Positive values (black) indicate greater Burn depth (higher means), negative values (gray) indicate greater
Unburn depth (higher means). b) Percent snow-free area of plateau P1 showing pre-melt vegetation
exposure (28 March) and snow melt progression (28 April – 2 May).
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Figure 6: Relative frequency (%) of frost table depths (dFT) over the thaw season representing aggregated
Unburn (U1-U3) and Burn (B1-B3) study plots, including geometric mean (± 1 SD), Cliff’s size of effect
measure (δ), sample size (n), and statistical significance (p). Where dFT > 80 cm, probe penetration into
talik was assumed; percent of total measurements are reported (shaded gray) and were excluded from
statistical analysis.
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Figure 7: Digital elevation models (DEMs) of gridded plots (U1, B2) showing topography (meters above
sea level; masl) of ground surface (GS) and frost table (FT) during thaw progression. Depression storage
(Sd; m3 m-2), the unitless FT vector ruggedness measure (VRM; -) and mean hydraulic gradient (dh/dx)
along the preferential flowpaths were calculated for aggregated plots within each site (U1-3, B1-3). Planes
intersect the z-axes at the lowest measured GS point, and deepest dFT ≤ 80 cm. Lines along preferential
runoff flowpaths indicate the location of cross-sections illustrated in Figure 8.
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Figure 8: Cross-sections of DEMs (from Figure 7) showing seasonal frost table (FT) evolution relative to
the ground surface (GS), depression storage, and the dominant thermal gradient direction.
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Figure 9: (a,b) Soil moisture (ϴ) profiles between 0-30 cm below ground surface and (c,d) water table
(WT) responses to precipitation, relative to the ground surface (GS) and frost table (FT) as thaw progresses.
Event A occurred on 16 June. e) Dashed lines (shown in panel a) indicate estimated ϴ values, approximated
by shifting recorded response upward to meet background ϴ.
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Figure 10: Physical (a,b,c,e) and hydraulic (d,f,g) property trends of peat sub-cores measured along the 20
cm profile including (a) ρb, bulk density, (b) ФT, total porosity, (c) ФEFF, effective porosity, (d) Ksat,
saturated hydraulic conductivity, (e) cumulative % pore size frequency, (f) ϴ, volumetric soil water
retention, and (g) chloride breakthrough curves. Statistical significance (p ≤ 0.1) is shown by asterisk. Note
differences in x-axes scales.
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Figure 11: Conceptual diagram of precipitation flowpaths showing the influence of fire-induced canopy
loss on a permafrost-cored peat plateau. Qx represents an energy flux (positive or negative). Solid lines
indicate change (movement or phase) and dashed lines represent storage.
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TABLES
Table 1: List of parameter symbols, units, and equations

FT

L

-

frost table

AL

-

-

active layer

GS

masl

-

ground surface

WT

L

-

water table

VRM

-

-

vector ruggedness measure

SWE

L

(d s ρ s ) / ρ w

ds

L

-

3

-2

snow water equivalent
snow depth

Sd

L L

Volume storage/Area

d FT

L

-

frost table depth

z GS

masl

-

ground surface elevation

z FT

masl

z GS - d FT

w sat

M

-

saturated weight

w dry

M

-

dry weight

V sat

3

ρb

L

xA
-3

ML

-3

depression storage

frost table elevation

saturated volume

w dry / V sat

bulk density

ρw

1 g cm

-

density of water

ρs

-3

ML

w snow / V snow

density of snow

φT

3

-3

L L

(w sat – w dry ) / (V sat ρ w )

φEFF

3

-3

L L

(w sat - w 100 ) / (V sat ρ w )

effective porosity

ϑ

3

-3

L L

1- ((w sat - w ψ ) / (V ψ ρ w ))

volumetric water content

ψ 100

3

-3

1- ((w sat - w 100 ) / (V 100 ρ w ))

-1

Qx / (A h t)

L L

K sat

LT

i

-

A
x

Δh / Δx
2

πr

L

L
3

field capacity (at 100 mbar pressure)
saturated hydraulic conductivity
hydraulic gradient

2

cross sectional area

-1

total porosity

length

Q

L T

V dis / t

t

T

-

time

ψ

mbar

-

pore pressure

h

L

-0.01 m = 1 mbar

hydraulic head

r

L

(2σcosa) / (hρ w g)

volume discharge

-2

σ

°C

0.073 kg s at 20 °C

a

-

40°

g

-

radius of pore opening
surface tension of water
contact angle of water on OM

-1

9.81 N kg

gravitational acceleration
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Table 1, continued:

ADE
Qt
C

R (δC /δt ) = D (δ 2C /δx 2) - v (δC /δx )

3

L

-1

ML

-1

advection-dispersion equation

-

volume discharge of time t

-

effluent concentration

C0

ML

-

input concentrationn

C/C 0

-

-

relative pore water concentration

vm

-1

LT

d

L

D

2

Q

average mobile porewater velocity

-1

L T
3

L

D / vm

dispersivity

d*v m

dispersion doefficient

-1

LT

Q/A

β

-

Фm/ФT

Ѡ

T-1

x / Фm v m

PV

L3

Ф T V sat

PVs

-

Q t / (Ф T V sat )

R

1

q

Uz

ms

-1

Darcy flow
mobile pore fraction
mass transfer coefficient
pore volume
number of pore volumes

-

retardation factor

-

wind speed at height z (= 3)
air temperature

Ta

°C

-

K*

MJ m-2 d-1

K in - K out

K in

discharge

net shortwave radiation

-2

-1

-

incoming shortwave radiation

-2

-1

incoming shortwave radiation

MJ m d

K out

MJ m d

-

α

-

K out / K in

albedo
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burn

burn

unburn

(ng L )

%M eHg

-1

burn

unburn

M eHg

0.00 ± 0.00

0.00 ± 0.00

0.00 ± 0.00

0.00 ± 0.00

0.15 ± 0.02

0.19 ± 0.03

0.00 ± 0.0

unburn

0.00 ± 0.0

burn

6.9 ± 1.3

unburn

6.0 ± 1.5

burn

0.1 ± 0.0

unburn

0.10 ± 0.0

burn

0.80 ± 0.2

burn

unburn

0.70 ± 0.2

2.80 ± 1.3

burn

unburn

2.32 ± 0.7

0.05 ± 0.0

burn

unburn

0.05 ± 0.0

0.12 ± 0.0

burn

unburn

0.12 ± 0.0

0.08 ± 0.0

unburn

0.08 ± 0.0

burn

0.00 ± 0.00

unburn

0.00 ± 0.00

burn

3

3

3

3

3

3

3

3

3

3

3

3

3

3

3

3

3

3

3

3

3

3

3

3

0

– ± –

unburn

0

– ± –

47.1 ± 3.9
27.1 ± 8.6
0.2 ± 0.2
1.7 ± 0.9
6.92 ± 0.79

–
–
–
–
–
–

0.04 ± 0.02
0.32 ± 0.17
0.56 ± 0.21

–
–
–

0.02 ± 0.01

2.7 ± 1.2

–

7.94 ± 2.65

0.9 ± 0.1

–

–

67.6 ± 14.6

–

–

5.3 ± 2.9
41.1 ± 6.0

–

5.1 ± 1.4

1.0 ± 0.9

–
–

0.3 ± 0.2

3.9 ± 2.1

–
–

1.49 ± 1.1

3.2 ± 2.4

–

4.0 ± 1.9

–

0.26 ± 0.19

–

0.06 ± 0.04

–

0.19 ± 0.10

0.05 ± 0.01

–

–

–

0.88 ± 0.25

–

3

burn

0.00 ± 0.0

burn

3.0 ± 1.32
0.24 ± 0.09

–
–

1.0 ± 0.32

6.6 ± 2.6

–
–

1.3 ± 0.45

mean ±SD

–

p

7-M ay

3

3

3

3

3

n

unburn

0.00 ± 0.0

0.04 ± 0.0

burn

unburn

(ng L )

-1

THg

TDP

C:N

TDN

DOC

SO42-:Cl-

Cl

-

SO42-

Na+

Fe3+

Al

3+

M g2+

0.03 ± 0.0

0.06 ± 0.0

unburn

burn

K+

Ca2+

mean ±SD
0.06 ± 0.0

Site

unburn

Solute

28 M arch (snowpack)

5

5

5

5

5

5

5

3

5.0

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

n

p

0.11

0.14

1.00

0.02

0.01

0.01

0.02

0.69

0.03

0.06

1.00

0.02

0.01

0.01

0.01

0.01

–

–

–

–

–

–

–

–

–

–

–

–

2.3 ± 1.4

1.4 ± 0.7

21.2 ± 6.2

26.4 ± 11.9

4.9 ± 1.9

2.4 ± 1.2

68.7 ± 18.4

54.7 ± 18.7

8.1 ± 3.2

5.7 ± 5.1

0.7 ± 0.3

1.9 ± 2.4

5.6 ± 2.5

3.8 ± 2.9

8.4 ± 2.3

8.6 ± 5.1

0.44 ± 0.35

0.11 ± 0.06

0.37 ± 0.36

0.13 ± 0.07

1.28 ± 0.43

0.42 ± 0.06

3.7 ± 2.0

2.3 ± 1.2

9.8 ± 3.9

2.8 ± 1.1

mean ±SD

16-M ay

4

4

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

n

p

–

–

–

–

–

–

0.49

0.42

0.06

0.03

0.42

1.00

0.31

1.00

0.15

0.15

0.01

0.42

0.02

–

–

–

–

–

–

–

–

–

–

–

–

2.6 ± 2.4

0.3 ± 0.2

22.3 ± 4.8

37.6 ± 6.3

3.8 ± 1.3

1.2 ± 0.4

80.3 ± 16.0

43.8 ± 9.9

1.8 ± 1.0

0.4 ± 0.2

2.5 ± 1.3

2.1 ± 1.3

3.6 ± 1.0

0.9 ± 0.8

3.7 ± 1.2

3.3 ± 1.7

0.51 ± 0.24

0.12 ± 0.09

0.30 ± 0.25

0.11 ± 0.05

1.34 ± 0.71

0.27 ± 0.15

3.3 ± 2.9

1.2 ± 0.8

10.0 ± 2.3

1.9 ± 1.2

mean ±SD

24-M ay

5

4

6

5

6

5

6

5

6

5

6

5

6

5

5

5

5

5

6

5

6

5

5

5

5

5

n

p

–

–

–

–

–

–

0.02

0.00

0.00

0.00

0.01

0.71

0.00

0.69

0.03

0.18

0.01

0.31

0.01

Table 2: Mean (± 1 SD) concentrations of snowpack and porewater chemical concentrations for each

sampling day, including whole snowpack (28 March), freshet (7 May), early-season (16 May – 6 June) and

mid-season (3 July).
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burn

unburn

%M eHg

–

–

–

burn

–

unburn

M eHg
(ng L-1)

–

–

–

burn

–

–

–

unburn

THg

–

1.9 ± 1.4
–

0.1 ± 0.1

burn

29.0 ± 8.5

unburn

45.4 ± 11.0

burn

2.8 ± 1.0

burn
unburn

1.1 ± 0.5

74.9 ± 16.7

unburn

burn

6.8 ± 4.2
43.6 ± 6.6

burn
unburn

3.1 ± 2.6

0.5 ± 0.1

burn
unburn

0.1 ± 0.1

3.0 ± 1.8

unburn

0.4 ± 0.3

burn

5.9 ± 2.0

unburn

5.4 ± 1.0

burn

0.54 ± 34.00

burn
unburn

0.14 ± 0.13

unburn

0.32 ± 0.20

burn

6

4

6

5

6

5

6

5

6

5

6

5

6

5

6

5

6

5

6

5

6

0.07 ± 0.03

burn
unburn

1.06 ± 0.25

6
5

1.6 ± 1.1
0.28 ± 0.13

burn

5

6

5

n

unburn

(ng L-1)

TDP

C:N

TDN

DOC

SO42- :Cl-

Cl

-

SO42-

Na+

Fe3+

Al

3+

M g2+

0.7 ± 0.2

6.5 ± 3.5

unburn

burn
K+

2.1 ± 1.3

Ca2+

mean ±SD

Site
unburn

Solute

30-M ay
p

–

–

–

–

–

–

0.01

0.05

0.01

0.00

0.18

0.01

0.01

0.93

0.04

0.02

0.01

0.25

0.01

0.98 ± 0.48

0.44 ± 0.45

0.07 ± 0.04

0.02 ± 0.02

7.43 ± 1.52

5.37 ± 1.38

1.6 ± 1.4

0.1 ± 0.2

32.6 ± 6.7

49.0 ± 8.0

2.9 ± 0.8

1.3 ± 0.7

91.3 ± 15.8

60.8 ± 15.2

6.5 ± 4.6

4.8 ± 2.8

0.6 ± 0.2

0.2 ± 0.1

3.2 ± 1.8

0.7 ± 0.4

8.6 ± 6.4

7.6 ± 4.3

0.65 ± 0.40

0.34 ± 0.44

0.40 ± 0.30

0.17 ± 0.21

1.22 ± 0.44

0.36 ± 0.10

1.0 ± 0.4

0.5 ± 0.2

10.3 ± 4.2

3.8 ± 2.7

mean ±SD

6-Jun

6

6

6

6

6

6

6

4

6

6

6

6

6

6

6

6

6

6

6

6

6

6

6

6

6

6

6

6

6

6

6

6

n

p

0.07

0.11

0.07

0.01

0.01

0.00

0.02

0.48

0.00

0.03

0.94

0.23

0.06

0.01

0.08

0.02

2.91 ± 1.91

0.90 ± 0.40

0.15 ± 0.07

0.04 ± 0.03

7.52 ± 3.02

4.43 ± 1.27

1.4 ± 0.8

0.2 ± 0.1

27.3 ± 4.8

25.9 ± 12.0

4.4 ± 1.4

3.5 ± 1.5

115.1 ± 25.2

77.8 ± 14.4

3.9 ± 3.9

1.8 ± 3.0

1.3 ± 1.1

3.3 ± 2.8

2.8 ± 1.3

3.2 ± 3.2

7.7 ± 6.7

12.2 ± 5.8

0.93 ± 0.54

0.66 ± 0.37

0.49 ± 0.31

0.27 ± 0.16

1.21 ± 0.38

0.87 ± 0.37

1.2 ± 0.3

0.8 ± 0.5

10.4 ± 3.9

8.3 ± 3.4

mean ±SD

3-Jul

2

4

2

4

6

6

6

4

6

6

6

6

6

6

6

6

6

6

5

6

6

6

6

6

6

6

6

6

6

6

6

n

p

0.13

0.13

0.06

0.01

0.48

0.59

0.00

0.06

0.24

0.82

0.24

0.39

0.24

0.13

0.30

0.82

Table 2, continued:
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Table 3: Between-site differences of mean (± 1 SD) plateau energy components including wind speed (Uz),
air temperature (Ta), incoming shortwave (Kin), outgoing shortwave (Kout), net shortwave (K*), and albedo
(α).

snow cover

snow free

1 Mar-30 Apr
Q*

Kin

unburn

K*

Lin

Lout

L*

Uz

-2

-1

MJ m d

11.2 ± 2.3

MJ m-2 d-1

2.1 ± 2.3

MJ m d

11.1 ± 2.2

MJ m-2 d-1

unburn

8.8 ± 4.7

MJ m-2 d-1

19.5 ± 4.3

MJ m-2 d-1

20.9 ± 4.7

MJ m-2 d-1

2.0 ± 0.5

MJ m-2 d-1

unburn

10.7 ± 4.8
4.5 ± 1.6

-2

-1

MJ m d

MJ m-2 d-1

burn

6.8 ± 2.5

MJ m d

2.5 ± 0.6

MJ m-2 d-1

unburn

4.4 ± 3.9

MJ m-2 d-1

17.5 ± 3.9

MJ m-2 d-1

burn

3.9 ± 3.2

MJ m-2 d-1

18.4 ± 4.0

MJ m-2 d-1

unburn

23.6 ± 1.8

MJ m-2 d-1

26.3 ± 2.0

MJ m-2 d-1

burn

22.8 ± 2.0

MJ m-2 d-1

25.8 ± 2.2

MJ m-2 d-1

unburn

24.8 ± 2.2

MJ m-2 d-1

32.6 ± 1.8

MJ m-2 d-1

burn

24.6 ± 2.2

MJ m-2 d-1

33.1 ± 1.8

MJ m-2 d-1

unburn

-1.2 ± 1.6

MJ m-2 d-1

-6.3 ± 1.8

MJ m-2 d-1

burn

-1.8 ± 1.5

MJ m-2 d-1

-7.3 ± 2.2

MJ m-2 d-1

0.52 ± 0.20

-

0.16 ± 0.13

-

burn

0.64 ± 0.18

-

0.15 ± 0.11

-

unburn

-5.2 ± 8.1

°C

16.3 ± 6.7

°C

burn

-5.3 ± 8.1

°C

16.2 ± 6.5

°C

unburn

0.67 ± 0.52

m s-1

albedo unburn

Ta

-1

burn

burn
Kout

3.2 ± 2.7

1 May-17 May
-2

burn

1.14 ± 0.75

-2

ms

-1

-1

0.9 ± 0.68

m s-1

1.39 ± 0.92

m s -1
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Table 4: Between site comparison of mean (± 1 SD) snowpack depth, density and SWE during the survey
period (27 March – 25 April).

snow depth
(cm)

date

site

3/27

unburn
burn

3/31

unburn

63 ± 8

53

burn

60 ± 6

60

4/13

unburn

72 ± 8

60

burn

70 ± 6

69

4/18

unburn

58 ± 8

58

burn

56 ± 7

66

4/22
4/25

n

p

68 ± 7

66

0.19

66 ± 5

69

unburn

55 ± 8

21

burn

49 ± 8

29

unburn

47 ± 9

58

burn

40 ± 8

60

0.02

density (cm)

n

p

0.20 ± 0.02

13

0.21 ± 0.01

14

0.21 ± 0.02

9

0.23 ± 0.02

12

0.12

-

0.28

0.22 ± 0.03

12

0.24 ± 0.03

14

0.09
0.01

0.00

n

p

134 ± 20

13

0.31

141 ± 8

14

132 ± 15

9

140 ± 14

12

0.23

-

-

0.01

SWE
(mm)

-

0.26 ± 0.02

4

0.26 ± 0.03

6

0.25 ± 0.03

11

0.28 ± 0.04

12

0.04
0.86
0.10

131 ± 16

12

137 ± 14

14

126 ± 19

4

133 ± 33

6

124 ± 22

11

116 ± 19

12

0.31
0.69
0.40
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Table 5: Percent frequency of ground thaw depth (dFT), including geometric mean (±1 SD). Thaw depths
> 80 cm (shaded gray) indicate talik presence and are excluded from statistical analysis.

dFT, Relative Frequency %
depth
(cm)
5
10
15
20
25
30
35
40
45
50
55

7-May
unburn burn
–
–
2.7
2.9
51.4
47.1
27.0
20.6
8.1
20.6
2.7
5.9
8.1
2.9
–
–
–
–
–
–
–
–

22 May-25 May
unburn burn
0.1
–
0.2
0.1
12.6
2.4
40.2
34.5
24.5
43.3
11.8
13.1
5.1
3.7
2.8
1.4
0.9
0.8
0.5
0.2
0.2
–

30 Jun-3 Jul
unburn burn
–
–
–
–
–
–
0.2
–
2.7
–
15.4
3.1
32.5
25.6
20.8
23.4
8.3
9.2
4.0
8.1
2.1
8.9

28 Aug-1 Sep
unburn burn
–
–
–
–
–
–
–
–
–
–
–
–
–
–
0.8
–
4.3
0.2
13.7
1.4
14.8
5.8

60
65
70

–
–
–

–
–
–

0.1
–
–

0.1
0.1
–

1.1
0.7
0.9

7.2
4.7
3.1

10.1
7.7
6.8

14.9
18.3
21.5

75
80
>80

–
–
–

–
–
–

–
–
1.1

–
–
0.4

0.4
1.0
9.8

2.2
1.2
3.2

5.8
8.4
27.8

14.7
11.0
12.2

mean

16 ± 6

17 ± 6

21 ± 6

22 ± 5

36 ± 9

43 ± 12

58 ± 10

65 ± 7

n

37

34

1307

1250

1190

1255

700

829

p

0.89

<0.001

<0.001

<0.001
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Table 6: Median (± 1 SD) laboratory measurements of saturated hydraulic conductivity (Ksat; m d-1), bulk
density (ρb; g cm-3), total porosity (φT; cm3 cm-3) and effective porosity (φEFF; cm3 cm-3) throughout the 020 cm peat profile.

depth
(cm)
1
3
5
7
9
11
13
15
17
19

Ksat, Hydraulic Conductivity (m d-1)
unburn
n
burn
n
p
474 ± 644 4 403 ± 510 3 1.00
–
–
–
–
356 ± 253 5 485 ± 304 5 0.90
–
470 –
1
–
290 ± 123 5
58 ± 226 4 0.41
218 ± 113 5
22 ± 122 5 0.10
288 ± 72
5
11 ± 16
5 0.01
193 ± 72
5
9 ± 7
5 0.01
106 –
1
–
–
–
80 ± 17
4
13 ± 8
5 0.01

depth
(cm)
1
3
5
7
9
11
13
15
17
19

unburn
–
0.95 ± 0.02
0.94 ± 0.02
0.93 ± 0.02
0.93 ± 0.02
–
–
0.94 ± 0.02
0.93 ± 0.02
0.93 –

Total Porosity, ФT (-)
n
burn
n
– 0.95 –
2
5 0.91 ± 0.02 5
5 0.90 ± 0.03 4
5 0.89 ± 0.03 4
5 0.89 ± 0.03 5
–
–
–
–
–
–
4 0.87 ± 0.03 5
4 0.87 ± 0.03 5
1
–
–

p
–
0.05
0.11
0.17
0.06
–
–
0.04
0.04
–

Bulk
unburn
n
–
–
0.06 ± 0.02 5
0.07 ± 0.02 5
0.09 ± 0.04 5
0.10 ± 0.04 5
–
–
–
–
0.07 ± 0.03 4
0.10 ± 0.02 4
0.09 –
1

Density (g cm-3)
burn
n
0.1 –
2
0.10 ± 0.03 5
0.12 ± 0.03 4
0.11 ± 0.04 4
0.13 ± 0.05 5
–
–
–
–
0.18 ± 0.04 5
0.16 ± 0.05 5
–
–

p
–
0.04
0.06
0.26
0.06
–
–
0.04
0.02
–

Effective Porosity, ФEFF (-)
unburn
n
burn
n
p
–
– 0.83 –
2
–
0.74 ± 0.06 5 0.76 ± 0.07 5 0.75
0.62 ± 0.05 5 0.62 ± 0.08 4 1.00
0.71 ± 0.07 5 0.64 ± 0.12 4 0.46
0.65 ± 0.07 5 0.60 ± 0.15 5 0.21
–
–
–
–
–
–
–
–
–
–
0.61 ± 0.07 4 0.39 ± 0.06 5 0.02
0.63 ± 0.07 4 0.54 ± 0.05 5 0.05
0.53 –
1
–
–
–
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Table 7: Median (± 1 SD) laboratory measurements of volumetric water content (ϴ; cm3 cm-3), cumulative
pore diameters (%) and breakthrough parameters throughout the 0-20 cm peat profile.

depth

n
(cm) (U, B)
5

9

15

(5, 4)

(5, 4)

(4,5)

Volumetric Water Content
ϑ (cm3 cm-3)

matric
potential

pore
diameter

Pore Diameter, d
Cumulative % by Volume

(mbar)

(mm)

unburn ± 1 SD

burn ± 1 SD

p

unburn ± 1 SD

burn ± 1 SD

0

-

0.94 ± 0.02

0.90 ± 0.03

0.1

-

-

-20

0.114

0.48 ± 0.09

0.41 ± 0.10

0.4

54 ± 6

56 ± 14

0.9

-40

0.057

0.44 ± 0.09

0.36 ± 0.09

0.2

51 ± 6

51 ± 13

0.9

-80

0.028

0.38 ± 0.05

0.33 ± 0.08

0.6

44 ± 5

47 ± 13

1.0

-100

0.023

0.36 ± 0.04

0.30 ± 0.08

0.5

41 ± 4

45 ± 12

1.0

-500

0.005

0.24 ± 0.02

0.25 ± 0.06

0.8

32 ± 3

39 ± 10

0.5

-1000

0.002

0.21 ± 0.02

0.23 ± 0.06

1.0

29 ± 2

37 ± 10

0.3

0

-

0.93 ± 0.02

0.89 ± 0.03

0.1

-

-

-20

0.114

0.46 ± 0.04

0.56 ± 0.16

1.0

51 ± 10

78 ± 27

0.2

-40

0.057

0.43 ± 0.05

0.52 ± 0.17

1.0

48 ± 10

73 ± 26

0.2

p

-80

0.028

0.39 ± 0.06

0.45 ± 0.14

0.7

42 ± 11

67 ± 24

0.2

-100

0.023

0.35 ± 0.07

0.43 ± 0.14

0.7

40 ± 11

64 ± 23

0.2

-500

0.005

0.22 ± 0.07

0.31 ± 0.09

0.2

32 ± 11

50 ± 17

0.1

-1000

0.002

0.20 ± 0.07

0.29 ± 0.08

0.1

30 ± 10

47 ± 16

0.1

0

-

0.94 ± 0.02

0.87 ± 0.03

0.0

-

-20

0.114

0.50 ± 0.13

0.75 ± 0.05

0.0

61 ± 12

97 ± 8

0.0

-40

0.057

0.45 ± 0.11

0.73 ± 0.08

0.0

57 ± 10

91 ± 11

0.0

-80

0.028

0.36 ± 0.08

0.64 ± 0.08

0.0

48 ± 7

82 ± 11

0.0

-100

0.023

0.35 ± 0.07

0.59 ± 0.08

0.0

47 ± 7

76 ± 11

0.0

-500

0.005

0.23 ± 0.02

0.39 ± 0.07

0.0

30 ± 5

57 ± 11

0.0

-1000

0.002

0.22 ± 0.01

0.37 ± 0.06

0.0

29 ± 5

54 ± 10

0.0
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Table 8: CXTFIT modelled non-reactive solute breakthrough parameters at 5 cm and 15 cm below ground
surface, including average mobile porewater velocity (vm; cm h-1), dispersivity (d; cm), mobile pore fraction
(β), and mass transfer coefficient (Ѡ; h-1). Because chloride is a non-reactive tracer, the retardation factor
(R) was set to 1.

BTS solute transport parameters, CXTFIT
site

depth (cm)

vm

d

β

Ѡ

R

U3

5

0.098

0.100

0.800

0.001

1

U4

5

0.081

0.026

0.754

0.001

1

B1

5

0.035

0.016

0.326

0.001

1

B2

5

0.105

0.078

0.754

0.001

1

U3

15

0.022

0.010

0.204

0.012

1

U4

15

0.014

0.007

0.130

0.026

1

B1

15

0.041

0.017

0.341

0.001

1

B2

15

0.010

0.005

0.089

0.017

1
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